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CONDITIONS AFFECTING THE DISCHARGE OF ELEC- 
TRODES IN PHENOMENA OF IONIZATION.' 


By J. G. Davipson. 


N the present paper is given a general outline of work that has 
been done at various intervals during the last two years. 
The original intention was to determine the influence of the temper- 
ature of the electrodes on ionization currents in flames, and to study 
the differences in phenomena when salts are ionized in flames and 
on hot metals. The results obtained in those fields led directly to 
some experiments in photo-electrical effects. Tables of readings are 
omitted because no new mathematical developments are investigated 
and the qualitative results are of chief importance. Only a few 
recent investigations are referred to, since full accounts of earlier 
researches are given in the standard works on ionization. Brief 
sketches of some of the writer’s earlier results have previously been 
published. ? 


I. PHENOMENA OF FLAME CONDUCTIVITY. 


Effects of Position and Temperature of Electrodes. 

1. Many of the most striking phenomena of flame conductivity 
were known long before the ionic theory was advanced. Those 
most nearly related to the present work are (1) that the area and 
position of the anode are of small importance, (2) that the current 
increases with the area of the cathode and as it is brought into the 
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hotter parts of the flame and (3) that the introduction of salts of 
the more electropositive metals, especially under the cathode, greatly 
increases the conductivity. It is easy to understand how such facts 
as these, combined with the phenomenon of the copious emission 
of negative ions by incandescent metals, led to the idea that the 
ionization takes place at the cathode and is due to its temperature. 
The theory of a ‘‘ volume dissociation "’ was introduced about 1904' 
and is now generally accepted. For example, H. A. Wilson? esti- 
mates the average number of molecules that are ionized in a flame 
at one time. 

2. Some experiments carried out by the writer in the autumn of 
1905 furnished the first direct evidence as to the influence of the 
temperature of the electrodes on the current througha flame. Thin 
meta] tubes were used as elec- 
trodes: these could be kept 
quite cold by passing water 
\ from an insulated reservoir 
through them. When the 
water was shut off, all the 
conditions but the tempera- 
ture of the electrode remained 
unchanged. .Tests were made 
with tubes of aluminum, cop- 
per, brass, iron and platinum. 
In no case was the tempera- 
— ture of the anode found to 

have the slightest influence. 
One special exception was discovered later and is recorded below 
(I., 15). 

3. In a colorless flame, a cold cathode was unexpectedly found 
to give, within one per cent. as great a current as was obtained 
when the water was shut off and the tube raised to brilliant incan- 
descence. Galvanometer deflections of 20 divisions with white hot 
tubes were reduced in every case by a fraction of a division too 
small to read on cooling the tubes (one galvanometer division 








-tt-----iIH 








Fig. 1. 


1 Marx, Phys. Zeit., 5, 298, 1904. 
2H. A. Wilson, Proc. Phys. Soc. Lond., 20, 147, 1906. 
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= 1.4 x 107° amperes in all the experiments recorded). If a plat- 
inum cathode ‘is being used, great care must be taken to have it 
entirely freed from all traces of absorbed salts. The importance of 
this will appear throughout the paper. The experiments proved 
quite conclusively that the electrons which any of the above given 
metals emit at white heat and the secondary ions which may be 
produced by them in the flame in fields as great as 1,000 volts cm. 
are not sufficient in number to be comparable with the volume dis- 
sociation of the flame gases, due to temperature alone. 

4. Slightly different results are obtained when the flame is colored 
by alkaline salts.. In such salt flames the current increases de- 
cidedly when the cathode is allowed to become incandescent. With 
copper, iron, brass and aluminum the increase is small, amounting 
to between two and three per cent. when the flame is densely col- 
ored, while with platinum the current may be doubled. Typical 
readings in densely colored flames are: 

Copper tube, cold, 400 div.; white hot, 410 div. 

Platinum tube, cold, 320 div.; hot, 600 div. 

If a platinum tube as cathode is kept cold for a time in a densely 
colored flame and then allowed to become suddenly white hot, the 
current will increase fora few seconds to two or three times its 
steady value. Now it is known that currents amounting to several 
amperes per sq. cm. may be obtained from platinum cathodes thor- 
oughly coated with alkaline salt and heated in a strong flame. A 
platinum wire held in a dense salt flame and then introduced into a 
clear flame will color it for a short time, and while this lasts a large 
current can be obtained, if the wire is the cathode. Thus in the 
salt flames there is a steady amount of salt absorbed or occluded in 
the platinum cathode. As this is ionized, the cathode can take 
advantage of every positive ion set free within itself. When it is 
shown below (I., 7-11) that a cathode can gather positive salt ione 
from only a short distance about itself, the effect of the temperaturs 
of a platinum cathode is explained. 

5. Although it is thus proved that the greater part of the con- 
ductivity of a flame, under the usual conditions, is due to a volume 
dissociation, still the ionization of the vapor absorbed in the cathode 
may be facilitated by its being in contect with the metal. J. J. 
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Thomson ' says: “ Ionization involves the separation of a positive 
from a negative charge of electricity ; if these charges are placed 
close to a metallic plate, other charges will be induced which will 
almost annul the attraction between the original charges.’’ Several 
cases of some such assistance as this are recorded in this paper, 
especially in II., 8 and IV., 3, but, as platinum and palladium alone 
show the effects to any noticeable degree, it may be due rather to 
the absorptive and catalytic action of the metals. One example 
may be given here. A calcium salt sprayed into a flame causes a 
very slight increase in conductivity compared with that due to an 
alkaline salt. This harmonizes with our theory of line spectra, 
since the calcium lines barely appear in a flame spectrum, although 
the band spectrum, supposed to be due to undissociated molecules, 
is strong. Evidently very little calcium salt is ionized by the flame 
alone. If, however, the cathode is coated with either salt, the con- 
ductivities are enormously increased and approximately equal. 
With an alkaline coating the large current ceases when the colora- 
tion of the flame ceases but with an alkaline-earth it persists long 
after. Coating the anode alone with a calcium salt gives no increase 
in conductivity even though the cathode is just above it in the 
ascending gases. Since, then, the calcium salt is ionized on the 
cathode but not on the anode nor in the flame itself, where the tem- 
perature is the same, the metal must assist in separating the ions and 
in setting free the negative but not the positive. Wehnelt? has 
studied this emission of negative ions from calcium salts and shown 
that they are electrons at low presuress. 


Influence of Position of Cathode in Colorless Flame. 

6. It has long been known that, as the cathode is brought into 
the hotter parts of the flame, the current gradually increases, but no 
one seems to have noticed the following phenomenon before it was 
recorded in the writer's first paper. If a strong enough air blast is 
used to give a sharply-defined green cone and the cathode intro- 
duced into this, the current will be from ten to twenty times as great 
as can be obtained with it a millimeter away but outside the cone: 


1]. J. Thomson, Cond. through Gases, p. 174. 
2 Wehnelt, Ann. d. Phys., 14, 425, 1904. 
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this is altogether out of proportion to the difference in temperature. 
This large current is barely decreased by cooling the cathode with 
water as described above, nor does it show any approach to satura- 
tion with the greatest electric fields available. Again, if the cathode 
outside the cone is further heated electrically, the conductivity of 
the flame is increased considerably, but even with the platinum 
melting it is not nearly so great asin the cone. Examples of read- 
ings are: platinum cathode, just outside cone, 15 div. ; in the cone, 
200 div.; 5 cm. above cone, but in the flame and melted by a heat- 
ing current, 90 div. Thus the cathode must be in the region of 
greatest ionization to give the greatest current, but the fact that in 
these positions its temperature is highest is an incidental and not the 
determining factor, unless it is coated with salt. 


Velocity of Positive Ions in a Flame. 

7. There has been a serious discordance of results in the re- 
searches on this point. The importance of the problem demands 
that some agreement should be reached. Wilson’ placed the anode 
above the cathode, held a salt bead between them in such a manner 
that the colored vapor would not touch the cathode, and noticed the 
E.M.F. at which the current began to increase. Knowing the up- 
ward velocity of the flame gases, this gave at once, for the specific 
velocity of the positive ions, 62 cm./sec. With high E.M.F. he 
actually obtained greater currents with the anode above than with 
the cathode in the salt vapor. The writer has entirely failed to re- 
produce any such result, even a field of over 1,200 volts/cm. being 
insufficient to draw positive ions downward or outward from the 
colored vapor against the current of gas in any flame. 

8. Moreau? placed the electrodes parallel and opposite each 
other, the cathode being in a colorless part of the flame. At the 
voltage at which the current begins to increase, it is assumed that 
the ions move from the salt vapor about the bottom of the anode 
to the top of the cathode diagonally. Now, the currents obtained 
in this way are of approximately the same magnitude if the salt is 
taken away entirely. I can see no reason whatever for assuming 


1H. A. Wilson, Phil. Trans., A., 192, 499, 1899. 
2 Moreau, Ann. d. Chem. et d. Phys., 30, 33, 1903. 
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that the cathode gets its positive ions from the salt vapor rather 
than from the clear flame about itself. 

g. Marx,’ from a study of the potential gradient near the elec- 
trodes, deduced a value of 200 cm./sec. for the velocity of the posi- 
tive ions. The validity of the method of measuring potentials in 
ionized gases by exploring electrodes is discussed below (I., 17). 

10. Lenard? showed that the colored part of the flame is slightly 
deflected in a strong electric field in a direction indicating that it 
bears a positive charge. From his results he deduced a velocity of 
only .o8 cm./sec. for the positive ions of lithium. This value was 
verified by the writer as to order of magnitude, but it varies, becom- 
ing smaller in more densely colored flames. Two confirmatory 
tests were also devised. An arc was started at various points in a 
colorless flame through which a current was passing between plati- 
num electrodes. No increase was obtained until the arc was almost 
directly below the cathode, when the current became as large as in 
a small flame. Positive ions from metals which are not ionized in 
the flame were proved in this way to have very small velocities 
similar to .hose from alkaline salts. Again, a salt bead, which did 
not color the flame very densely, was held so that the colored vapor 
just surrounded the cathode, and no increase of current was obtained 
by using other beads to color the whole region between the 
electrodes. 

11. It would seem proved that the positive ions which actually 
reach the cathode from the salt vapor in the flame come from a very 
thin layer surrounding it, and that most of the work on their veloci- 
ties has been based on the misapprehension that they may be 
attracted to the cathode from salt vapor at a considerable distance. 

12. No effort was made by the writer to find the velocity of the 
positive ions in a colorless flame, but it cannot be nearly so small 
as that of the salt ions, since in a moderately hot flame currents 
approaching saturation value can be obtained with fairly low 
voltages. On the other hand, it cannot be nearly so great as 
200 cm./sec., since it takes such very great fields to enable a cathode 
to attract positive ions outward from the green combustion cone. 


1 Marx, Ann. d. Phys., 2, 768, 1gco. 
2 Lenard, Ann. d. Phys., 9, 642, 1903. 
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13. Assuming, in accordance with the kinetic theory of gases, that 
viscosity may be neglected and that velocity vanishes at each colli- 
sion, a simple calculation’ gives about 10 cm./sec. as the specific 
velocity of an atom of sodium bearing ionic charge in a gas at atmos- 
pheric pressure and 2,000° C. Many recent investigations show 
that an ion outside the flame soon gathers many thousand mole- 
cules about itself. This tendency must be present in the flame, 
though the aggregates may be broken up almost as soon as formed. 
Hence the viscosity factor may be sufficient to reduce the velocities 
to the observed values which are of the same order of magnitude 
as those found by Professor Lewis?’ for the positive ions just above 
the flame. 


Source of the Negative Ions that Reach the Anode. 


14. Different convection methods have been used for finding the 
velocity of negative ions in a flame. In every case it is assumed 
that, at the “‘ critical voltage,” the field is just able to draw the ion 
from the cathode or from the colored part of the flame to the upper 
edge of the anode before it is carried away by the gas currents. 
The inaccuracy of this conception can be proved experimentally as 
follows: With apparatus arranged as in Fig. 2, almost exactly the 
same current-voltage curves and the same. critical 
voltage were obtained when the anode was lowered 
or removed to a greater distance, while the cathode 





remained fixed, though the field, of necessity, 








changed. When several flames were arranged to 
touch only at tips and bases, the anode could be G 
moved to any position with only a few per cent. 


LY 


change in current, and a large increase was noted 
only when the area of the electrodes was great com- 
pared with the distance between them. Again, it iii} 
was interesting to use exploring electrodes, con- 








, Fig. 2. 
nected through a galvanometer with no voltage 


applied, in a colored flame through which a large current was 
passing between two other electrodes. With one exploring elec- 


1 J. J. Thomson, Cond. through Gases, p. 203. 
2 E. P. Lewis, PHys. REV., 21, 352, 1905. 
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trode in any relative position near each of the main ones, con- 
siderable currents could be tapped off. If the exploring electrodes 
were placed symmetrically above the main anode, the one with 
the greater area became the anode for the galvanometer circuit and 
conversely with the cathode. 

15. Mention has been made of the great increase in current 
obtained by coating the cathode with salt instead of spraying it into 
the flame. Using small voltages, it was not found possible to 
increase the current by coating the anode also or by holding it in 
the colored flame above the cathode. However, as the voltage in- 
creased the advantage did appear and increase, until with several 
hundred volts it often amounted to ten per cent. Coating the 
anode with an alkaline-earth salt is never of any service, because no 
positive ions can be emitted from it. Again, a large current was 
obtained by coating the cathode with a salt; only a very slight 
decrease in current was noticed when the anode was removed to the 
base of an intense flame inclined to the first and touching it only at 
the tip. The current decreased rapidly as the second flame was 
made less intense, but coating the anode with an alkaline salt 
brought it back to its former value in every case. An exploring 
electrode took up positive potentials in the anode flame, negative in 
the cathode flame, and became neutral at the tip where the flames 
mingled, thus showing that above the anode there was a large 
excess of positive ions and an excess of negative above the cathode, 
the two neutralizing where the flames joined. This is like the case 
of an ordinary flame with the part between the electrodes cut out. 
Its absence makes little difference in the current, as we have seen. 
Now, with both electrodes in our flame and opposite each other, an 
exploring wire reveals a simiiar state above the electrodes, as in the 
case of two flames: there is always a part of the intervening space 
where a uniform fall of the potential shows equal densities of posi- 
tive and negative ions. 

16. It has already been shown (pars. 10 and 11) that the cathode 
gets its positive ions from only a very thin surrounding layer. 
Many experiments like the examples just given (pars. 15 and 16) 
have led me to believe that the anode gets enough negative ions 
from the clear flame about itself, even when the cathode is in salt 























No. 1.] DISCHARGE OF ELECTRODES IN lONIZATION. 9 


vapor and quite large currents are passing. This means that the 
remaining negative ions about the cathode and positive ions about 
the anode unite between the electrodes, and especially in the upper 
regions of the flame. If this conception of the action be correct, 
it invalidates any method as yet employed for finding directly the 
velocity of the negative ions, because a state of steady drift of 
negative ions from cathode to anode is assumed in each case. 


Potential Giadient. 

17. The method of finding potential gradient in regions of ioniza- 
tion by means of an exploring electrode has been attacked on the 
ground that when a wire takes up a potential it distorts the field. 
However, if the area of the wire is small as compared with that of 
the electrodes, the distortion can hardly be great enough to change 
the character of the results. But I would suggest more valid ob- 
jections to the deductions that are ordinarily made from potential 
gradients found in this way. If the potential of the wire were any 
measure of the actual space potential, it would be proportional only 
to the relative numbers of positive and negative ions at that point. 
A little thought will convince us that it depends on their mass and 
velocity as well. Suppose the wire takes up a negative potential. 
A certain number of negative ions, depending on their density and 
momentum, will still strike it in spite of the repulsion, while its 
steady state will be maintained by an equal number of positive 
ions, depending, again, on density, mass and velocity, but as- 
sisted by attraction. In the published researches on the problem, 
the assumption is tacitly made that the potential gradient indicated 
by the wire and the ionic velocity are functions only of each other, 
thus ignoring the question of relative density and mass. 

18. I have not as yet had the opportunity of gathering data for 
attacking the problem from this broader standpoint. However, 
during the course of the experiments, a number of series of meas- 
urements was made in which current, position of electrodes and so- 
called potential gradient were varied so widely as to give velocities 
varying from 500 to 10,000 cm./sec. if the usual assumptions were 
made in the calculation. There seemed no particular evidence 
that any one value was more nearly correct than another. 
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1,000 cm./sec. has hitherto been the most widely accepted value. 
Recently Gold ' has obtained 12,900 cm./sec. by using the convection 
method and finding the potential gradient in the body of the flame. 
Calculation gives 13,000 cm./sec. for an electron, assuming no 
viscosity. 

II. Ionization oF Satts oN Hor METALS. 

1. The experiments described in this section were undertaken in 
order to ascertain the variation of phenomena in ionization of salts 
when freed from possible effects of the chemical actions of the flame. 
Many of the results obtained have recently been published by others 
but some new facts are still to be recorded and some general rela- 
tions to be pointed out. 

2. J. J. Thomson? heated various salts to a red heat and meas- 
ured the excess of electricity of either sign in the surrounding air 
by means of an electroscope. The sign depends on the salt, not on 
the metal. Oxides give excess of negative ; phosphates a large and 
chlorides a small positive excess ; nitrates give initial positive excess, 
but they soon turn to oxides. The salts remain with the opposite 
charge. He suggests in explanation that the salts have a double 
layer of electricity, the oxides having negative outside. Garret * 
placed the salts in a platinum dish in a metal tube and heated them 
by insulated gas flames. The tube was one electrode and a wire 
along its axis the other. He used temperatures only as high as 
360° and, naturally, got no general idea as to the action of different 
classes of salts. For example, he got neither positive nor negative 
ions from KBr, NaFl, NaHCO, and Ba(NO,),. None that he tried 
gave negative ions only, while a few gave positive only. 

3. I add the following observations: The other haloid and the 
sulphur salts, the hydroxides, and higher oxides, while changing to 
lower, also show initial excess of positive ions, as do the alkaline 
oxides alone among those tested. But none of these is permanent ; 
ultimately an excess of negative ions always appears in the sur- 
rounding air unless the salt is all volatilized inthe meantime. This 
change of sign is easily affected with the nitrates, chlorides and 

1Gold, Proc. Roy. Soc., A, 79, 43, 1907. 


2]. J. Thomson, Camb. Phil. Soc. Proc., 14, 105, 1907. 
3 Garret, Phil. Mag., 13, 728, 1907. 
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bromides of calcium, strontium and barium but the sulphates are 
more permanent and require a higher temperature. In most other 
cases it takes long-continued heating of a very small quantity of 
the salt at a high temperature to affect it. It would seem that all 
salts ultimately break down into oxides and that chemical actions, 
which leave the metal behind and give off other products, give 
excess of positive electricity in the air. In those cases where nega- 
tive ions alone are being given off, there is no reason to believe that 
any chemical action or volatilization is taking place. The same salt 
of different metals requires widely different temperatures to effect 
ionization. In general, the alkaline salts are most easily ionized. 
I detected ions from KNO, at 250° and from RbC\ at still lower 
temperatures. Campbell has even found them at room temperatures. 

4. To study the intense ionization of certain salts at high temper- 
atures, they were placed on pieces of platinum wire 2 or 3 cm. long, 
heated electrically and earthed. The other electrode was a plate or 
wire whose distance from the hot wire could be adjusted. A bat- 
tery of small accumulator cells gave adjustable E.M.F. to 550 volts. 
A d’Arsonval galvanometer of approximately 375 ohms resistance 
and giving a deflection of one scale division for 1.4 x 107° amp. indi- 
cated the currents. It was not sensitive enough to reveal the 
ionization of most salts. 

5. Any salt of an alkaline-earth metal will give a current of four or 
five divisions with the hot wire as anode and slightly less with it as 
cathode, as long as volatilization is tak- 


ing place. Then there is no sign of an ‘Sie ri. 
anode current even with the cold cathode 

attached to an electrometer, while with tH * 
the hot wire as cathode, the galvanometer 4] | 
deflection is as high as 500 divisions with Fig. 3. 

480 volts and 2 mm. between the elec- 











trodes. At white heat this current is about the same for all the 
salts of the same metal. This was attributed above (par. 3) to their 
all breaking down into oxides. Barium salts give the largest cur- 
rents of the group, magnesium and zinc the least. Comparative 
readings under circumstances as nearly as possible similar, were, for 
instance: Barium, 600 divisions; strontium, 550; calcium, 500; 
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magnesium, 20; zinc, 30. An electrometer had to be used to 
detect the emission of the negative ions from beryllium salts. 

6. With coatings of alkaline salts also, these large currents were 
obtained when the wire was hot enough to volatilize the salt. In 
most cases a dull red heat was sufficient. The currents were never 
persistent, disappearing as volatilization ceases. With these salts, 
deflections of not more than one division could be obtained with the 
hot wire as cathode, but with it as anode 400 or 500 divisions could 
easily be obtained. Every alkaline salt of the thirty or more that 
were used gave a similar result, though some were more persistent 
and needed a brighter red heat than others. Rubidium and cesium 
gave the largest currents of the group and lithium the least. 

7. ‘A great many salts of metals in every group of elements were 
examined to find if these large currents could be obtained. The 
wire was gradually raised to brilliant incandescence in each case; a 
much higher temperature than is necessary for the ordinary emis- 
sion of negative ions. Brief and comparatively small anode currents 
of from one to four divisions were obtained from many salts, especi- 
ally those of metals of large atomic weights, in all the groups. 
Some of them may be due to very slight traces of alkaline impurity 
as the currents died away while the salt was still volatilizing. 
Alone, of all the salts tried, except. those of alkaline-earths, didy- 
mium nitrate gave a cathode current of one division and molybdenum 
oxide 3 divisions. These may also be due to impurities. 

It is remarkable that this emission of positive ions from alkaline 
salts was not recorded earlier, as the property is so very marked. 


Effect of the Metal of the Wire. 


8. Wires of platinum and palladium, alone, were found by the 
writer to give these large ionization currents: the latter is the more 
effective. Wires of german silver coated with CaO were found to 
give a cathode current barely large enough to affect the galvanom- 
eter. With other metals an electrometer had to be used. Anyone 
studying the ionization of salts on platinum must be exceedingly 
careful in cleaning the metal. Washing in water or in acid is not 
sufficient. Long-continued heating in a flame or by an electric cur- 
rent will very gradually doit. But by far the most effective method 
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I have found is alternately to dip the wire in acid and place it as an 
electrode in aflame with large voltage applied, making it anode or 
cathode according as the absorbed material is alkali or alkaline- 
earth. 

Action of New Wires. 

g. It is known that a new platinum wire will give a large leak of 
positive ions at red heat, and that the current soon falls to a small 
steady value. Richardson has done a great deal of work on this 
subject and has practically concluded that the leak is due to occluded 
hydrogen. There is, apparently, no evidence for this other than 
that hydrogen diffusing outward through an anode increases the 
positive leak. To my mind there can be no doubt that it is due to 
alkaline salts. These placed on a clean wire will give the effects 
obtained from a new wire, and any new wire will give the sodium 
color to a flame. Some photo-electric phenomena described later 
in the paper (IV., pars. 5, 11 and 13) practically settle the question. 


The Anomalous Action of Alkaline Salts. 


10. It has been seen that coating an anode in a flame with an 
alkaline salt gives no increase in current if the cathode is clean and 
kept in the colorless part of the flame while, from alkali-coated 
cathodes currents, of several amperes per sq. mm. can easily be ob- 
tained. In air, on the other hand, an incandescent alkali-coated 
wire gives by far the largest currents when it is the anode ; for 
example, in one case, with 250 volts between electrodes 2 mm. 
apart a platinum wire 3 cm. long, coated with NaHCO,, gave 
negative leaks of 4 x 107’ amperes and positive leaks of 2 x 107° 
amperes when it was anode. The anomaly has been partially 
explained already (I., pars. 7 and 11). It has been seen that, in 
the flame the positive ions accompany, and probably constitute, the 
colored portion. Owing to their low velocity they are swept away 
in the flame gases so that the cathode must be placed in the salt 
vapor to obtain any greater current than that due to the colorless 
flame. Similarly it was found that a very slight blast of air will 
sweep away the positive ions and stop the large current from a hot 
alkali-coated anode in air. 
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The explanation of the very small negative leak from the hot 
alkali-coated cathode in air finally appeared in some modifications of 
Owens’ experiment. He showed that a current of negative ions 
is stopped by blowing smoke between the electrodes: the ions 
appear to attach themselves to the smoke particles and be carried 
away. I noticed that the large negative leak due to a calcium salt 
on a hot cathode in air does not commence while any fumes are 
being given off. With alkaline salts there is volatilization as long 
as any current of either sign will pass. If the wire is cathode 
the small current is actually increased by a slight blast of air, if the 
temperature is kept constant, but it is entirely checked by smoke. 
On the other hand, dense smoke does not decrease the large posi- 
tive leak in the slightest degree; either the positive ions have 
momentum enough, owing to their large mass, to carry the smoke 
particles to the cathode with them or they do not attach themselves 
to those particles nearly so rapidly as the negative ions. The 
volatile salt vapor acts the part of smoke sufficiently to make the 
negative leak from alkali-coated wires in air very small in compari- 
son with the positive leak. 


Relation between Current and Temperature. 


12. Richardson’s formula’ is now generally accepted. Where 
? is the current, @ the absolute temperature and a and 4 constants, 
i= alie*,- The formula has been rigorously tested in a great 
many cases with currents of both positive and negative ions and 
gives fair agreement with experimental curves in all cases where the 
current is maintaining a steady value at any constant temperature ; 
that is, where the rate of volatilization of the material ionized is 
comparatively small. I mention the matter in order to point out 
that the formula was first developed for negative leaks and that the 
theory from which it was derived is based on the assumption that 
electrons are circulating in the metal like molecules in a perfect gas. 
This, of course, does not apply to positive ions and a new basis for 
this formula or a new formula giving curves of similar shape, must 
be devised. 


J. J. Thomson, Cond. through Gases, p. 166. 
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Relation between Current and Potential Difference. 

13. The formula’ ¢ = 9Rv*/32zd* is widely used for cases where 
the ionization is confined to a thin layer near one electrode. The 
writer has tested it for ionization of salts on hot wires and has found 
that the experimental curves depart widely from the calculated 
values. As an example, the diagram (Fig. 4) gives the current- 
voltage curve for an incandescent wire cathode, 3 cm. long, coated 
with CaO and about 2 mm. from the anode. When, however, the 
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voltage is kept constant and the distance between electrodes varied, 
the experimental curve is found to be considerably below the theo- 
retical. One reason for this is that the velocity X varies with both 
the potential difference V and the distance between the electrodes d, 
since the ions increase in size with the time. The rate of variation 
of R with time and distance might be determined were it not for 
another difficulty. It is assumed in the development that, if the 
current is small, the potential gradient vanishes at the hot plate. 
An exploring electrode certainly indicates that this is true, but, as 
stated above, it can hardly be supposed to give the true potential of 
the space, and under any circumstances, one can hardly conceive of 


'J. J. Thomson, Cond. through Gases, p. 175. 
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there being enough ions near the hot plate to prevent any fall of 
space-potential. 


III. lontc AGGREGATES AND APPARENT RECOMBINATION. 

1. Ions formed in dry, dust-free gases at ordinary pressures by 
such ionizing agents as X-rays, radio-active substances or ultra- 
violet light, never seem to collect aggregates of molecules about 
themselves. Those escaping from flames or hot metals are much 
larger and they grow still larger and more sluggish the farther they 
are removed from the source and the lower the temperature becomes. 
The calculated values of their size have been steadily increasing 
until Langevin’ in the latest paper on the subject gives an average 
of 64,000 molecules. 

2. In many places in the work of Barus, it is shown that nuclea- 
tion does not disappear with recombination ofions. In some prelimi- 
nary tests on ionizations of salts the writer used the arrangements 

of Fig. 5. If both wire and 

+ tube were kept hot for a time 
before the galvanometer cir- 

—€ ~ acai cuit was closed, a considerable 
oar Ly initial current and then a much 
t----e smaller steady one was ob- 

tained. Both initial and steady 

Fig. 5. currents were very much 
larger than when the heating 

circuit was opened just before the galvanometer circuit was closed. 
This first suggested to the writer the following conception of the 
action. When two ions of opposite sign, consisting each of a charged 
particle surrounded with layers of molecules, come together, the 
combination will be neutral electrically, but molecules may still 
remain between the charges. In cases of such apparent recombi- 
nation the field between the positive and the negative particles will 
be much weaker than in cases of genuine recombination. This 
neutral aggregate may attach itself to another large ion and so on 
until we may have thousands of molecules in which are fixed, at inter- 
vals, charged particles, the resultant charge of the whole being 
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1 Langevin, Ann. de Chim. et de Phys., 8, 201, 1906. 
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positive, negative or zero. If this view is correct, some of these 
aggregates should be capable of collection on a charged wire and 
then be more easily re-ionized than before. The experiments de- 
scribed in the remainder of this paper were all directly suggested 
by this conception. It can hardly be said to be proved, but at any 
rate, it has already been fruitful of results. 

3. Flame gases were led through a metal tube in which was a 
central insulated electrode, consisting of about 3 cm. of platinum wire 
attached to larger supporting copper wires insulated from the tube. 
The central wire was kept charged in the gases to make the collec- 
tions. The flame was then removed and the wire heated electrically, 
while cathode or anode, to obtain 
an ionization current, the tube being 
the other electrode. In all cases 
the currents were about equal, l- L 
whether the wire had been charged pm... on 
positively or negatively during col- WWE 
lection. 

If an uncolored flame had been 
used, very slight and brief cur- 
rents that could just be detected 
by the galvanometer were obtained. A dull red heat was sufficient 
to drive off all the collected material. 

When the flame was colored by salt vapors currents were obtained 
like those described in the previous section and the large effects 
appeared at decidedly lower temperatures. In fact, it was in this 
way that the large positive leak from hot alkali-coated wires was 
first discovered. When the flame was colored by an alkaline-earth 
salt the wire had, of course, to be the cathode when heated to give 
a current. Small quantities of material will collect on an uncharged 
wire above a sodium flame, but practically none above a calcium 
flame. The currents obtained in this way are so large as to be of a 
different order of magnitude from the steady currents obtained be- 
tween the tube and a cool central electrode while the flame gases 











Fig. 6. 


are rising. 
4. These collections furnish an extremely delicate test for the 
presence of minute quantities of such salts suspended in a gas that 
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has been exposed to any ionizing influence. Professor Rutherford, 
while at this university in the summer of 1906, kindly gave the 
writer some radium emanation for a test. A charged wire in a dry 
vessel containing the emanation collected no such deposit as those 
here discussed. When the vessel was dampened with distilled 
water I detected a very slight anode current when the wire was dis- 
charged, removed and heated. After tap water was poured into the 
vessel and shaken up, a wire charged to 500 volts would collect 
enough in two or three minutes to give a large but very brief anode 
current of 10 scale divisions with the wire at a dull red heat. 

5. Anode currents, presumably due to minute traces of alkaline 
material, were obtained from wires that had remained charged in 
freshly-prepared gases, or in the air of the room, especially if it cir- 
culated past the wire. Orf days when the north wind was blowing 
enough would collect on a wire in a field of 500 volts/cm. in one 
minute to give 25 divisions of scale deflection, while on other days 
whena west wind was blowing not more than 1.5 divisions could be 
obtained under circumstances otherwise similar. Mr. F. A. Harvey, 
working in this laboratory, found abnormally large quantities of 
radio-activity in the air on the same days when a north wind was 
blowing, and there may yet prove to be some connection between 
the phenomena. 

6. Something always collects, from the gases tested, on an un- 
charged wire. This could easily be extracted by passing the gas 
through long tubes of water or plugs of cotton wool, but some ma- 
terial which could be collected on a charged wire still remained in 
the gas in every case. Potentials approaching sparking values and 
very slow currents of gas must be used in order to collect as much 


as possible. 


The Nature of the Collections. 


7. For a long time it seemed that these collections might be due 
to purely electrostatic attraction of neutral particles and that there 
was no necessity for assuming any resultant charge on the aggre- 
gates. Evidence on the subject was given by an examination of the 
cold electrode when salts were heated ona neighboring one. When 
a salt that sublimes or volatilizes readily is used, the smoke is all 
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deflected to the cold electrode and forms a white deposit. With salts, 
like those of the alkali metals, that cause either a positive or a neg- 
ative leak, the direction of the field causes comparatively little change 
in the rate of collection and the appearance of the deposit. Silver 
and thallium nitrates were found to give only a positive leak while 
volatilizing strongly, and with these the deposit formed much more 
rapidly with the hot wire as anode. 

8. This theory of ionic aggregates suggests at once a simple 
explanation of the so-called ‘double layer’’ that occupies such a 
large place in the history of this subject. The aggregates may not 
allow the charged particle to reach the metal and, if so, a bound 
electrostatic charge will be induced on the surface. Thus it ought 
to be possible to obtain a kind of electrolytic polarization on a 
charged cold electrode, in a space where such ions are plentiful. In 
1890 J. J. Thomson made the isolated observation that in certain 
cases an ionization current from a hot metal was increased when the 
other electrode was heated also. I investigated the question some- 
what, as it seemed to bear on this point. When an alkaline-earth 
salt was heated on the cathode, heating the anode also did not 
increase the current if the wire was absolutely clean at the start. 
Very few aggregates appear in the air space in this case. When an 
alkaline salt was used there was a large increase when the second 
electrode was heated, but most of this was proved to be due to the 
salt being volatilized back and forth between the electrodes. When, 
however, a very small anode was used and the cathode removed 
while the anode was heated after the current had passed for a time 
there was a brief but decided increase in the current. Whether this 
was due to a non-conducting layer of salt or a genuine double layer 
as described above, could not, of course, be determined. 


IV. Puoro-ELectric PHENOMENA. 


1. In following out the ideas of the previous section, I undertook 
to find whether a wire held in regions of ionization will gather 
material upon its surface which can then be easily re-ionized by 
ultra-violet light. The investigation has led to a variety of impor- 
tant results, many of which are not connected with any theory of 
ionic aggregates except that they were suggested by experiments in 
that direction. 
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2. For measuring the negative leak under the influence of the 
ultra-violet light at room temperatures an encased electroscope was 
used in a part of the work. The wire to be tested was attached to 
the leaf support and projected beyond the case. This method gave 
the character of the results very expeditiously. For more accurate 
work and for high temperature effects a quadrant electrometer 
enclosed in a metal box was used. Covered wires connected one 

pair of quadrants to a strip of corroded 

——%)_ metal plate or gauze placed near the 

active wire or polished metal being 

He tested. Shielding was practically un- 

N necessary, as even with the electrometer 

, electrode at a high negative potential 

J there was practically no leak due to the 

—1---| light. Both pairs of quadrants were 

Fig. 7. earthed at the beginning of each read- 

ing. The wire being tested could be 

heated electrically and was kept at a high negative potential by con- 

nection with a storage battery giving a maximum of 100 volts. 

Hence, the rate of leak to the electrometer electrode measured the 

effect. An arc was used as source of light in most of the work. 

It is far more easily handled than a spark source and with a little 
practice can be made quite constant. 

















Wires Exposed to Flame Gases. 


3. New platinum or palladium wires show very little activity ; 
cleaned as indicated below, they show practically none. After being 
held in a colorless flame, however, they were found to be very 
active. Where, for example, such a wire gave 100 divisions of 
electrometer leak per minute when charged negatively and exposed 
to strong ultra-violet light, a strip of brightly polished zinc of ap- 
proximately the same area gave no more than 40 divisions. Obser- 
vations on wires held at various distances above a flame showed 
that the effect still exists but that it falls off rapidly. Passing a 
wire rapidly once or twice through the gases just above the flame, 
so that its temperature had no time to rise materially, made it more 
active than holding it for a minute at the top of a tube 2 meters 
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long through which all the gases from the flame were rising. 
Hence the gases, after leaving the flame, rapidly lose their power 
of making the wire sensitive. Charging the wire either positively 
or negatively while in the gas did not seem to hasten its gaining of 
sensitiveness. Ultra-violet light was admitted at various intervals 
through a quartz window into a tube through which flame gases 
were rising and into a large vessel filled with the gas, and only a 
very slight increase in ionization was observed. However, the wire 
will retain its activity most persistently ; here again is an example 
of the effect of a metal in promoting ionization at its surface, spoken 
of above (I., par. 5). When wires were left in the open air their 
activity fell off gradually to half value in two or three days, but this 
seemed to be due to the formation of a layer of dust particles. 
After a wire had been kept covered in a bottle for a week the 
intensity of its activity was as great as at first but it would not 
maintain the discharge nearly so long. Wires that had been held 
in the flame maintained a constant discharge in a constant field for 
as much as two hours, and then the leak dropped to zero in two 
minutes. They did not recover their activity spontaneously. The 
activity gathered on wires held above the flame at various heights 
becomes rapidly less persistent as the distance increases ; for exam- 
ple, a wire which had been held 10 cm. above a flame for I0 sec. 
maintained a steady leak of 40 divisions per minute for an hour 
before the rapid decrease in activity commenced, while, after being 
at the top of the tube 2 meters long for the same time, it gave 
5 divisions per minute for 10 minutes; intermediate positions 
gave intermediate readings. In passing, I might remark that 
no one seems to have stated definitely that all the well-known 
cases of photo-electric “fatigue” are functions of the strength of 
the field. 

4. Coloring the flame with an alkaline salt decreases the effect : 
in fact, when a charged wire was held for a minute above a dense 
salt flame it showed only a slight initial activity. The ionic aggre- 
gates from salt vapors, discussed in the previous section, are not, 
then, re-ionized by ultra-violet light. Oxidized or corroded pieces 
of metal were found to be slightly active after being held for an in- 
stant above a clear flame. 
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Electrodes from Electrolytic Cells. 

5. With one exception, (given in par. 6) platinum wires that had 
been either cathode or anode in electrolytic cells of many kinds were 
found to be very active after being allowed to dry. A wire at which 
hydrogen had been liberated behaved like a wire from a colorless 
flame when tested at room temperatures. Various metals were de- 
posited on wires and all showed the effect strongly, but for metals 
of the first two groups the current through the electrolyte must be 
very brief or the wire becomes saturated with the hydroxide which 
is not sensitive at low temperatures. The activity of all metals in 
these tests falls off with the time and is not recovered. Anodes in 
solutions of halogen salts also become active but the decay was not 
investigated. In all cases currents of several amperes through the 
electrolyte are advisable ; it would seem that some ions have not time 
to become neutralized and that these are later set free by the light. 

6. It was found that oxygen set free electrolytically at a wire 
would not make it active and would even destroy any activity which 
it may have possessed. However, really to clean the wire it is well 
alternately to dip it in acid and heat it in a flame to get rid of all 
metallic salts, before making it an anode in the cell, or the oxygen 
may leave it saturated with insoluble oxide. The discovery of this 
method of cleaning a wire made the whole investigation practicable. 
It was only after a great deal of experimenting that I realized what ex- 
treme care must be taken in cleaning the wires to get reliable results. 

7. Such a clean wire, after being heated to a red heat by an elec- 

tric current, is found to be active at room temperatures. This 
shows that the effect of the flame gases is not necessarily due to 
occluded hydrogen as one is likely at first to suspect. Heating to 
white heat by an electric current does not decrease the activity of a 
wire newly heated in a flame. When, however, such a wire had 
been kept for a week in dust-free air and then heated electrically to 
only 300° it lost its activity and did not regain it on cooling. 


Measurement at Different Temperatures. 
8. Zeleny ' carried out what seems to be the only piece of work 
yet attempted that bears directly on the present paragraph. He 


1Zeleny, PHys. REV., 12, 321, IgOI. 
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obtained temperature-activity curves for platinum and iron wires 
and attributed his results to the properties of the metals themselves. 
This conclusion, as will be seen, is not justified. Millikan and 
Winchester ' have studied the photo-electric activity of metals at 
different temperatures in the highest vacua obtainable and have 
found no variation. Whether temperatures giving red heat were 
used is not stated in the published abstract of their work. My 
experiments and those of Zeleny were all carried out in air at atmos- 
pheric pressure when oxidation effects are important. 

g. Only a single curve will be given (Fig. 8, one very similar to 
Zeleny’s) that was obtained from a new platinum wire that had 


ELECTROMETER LEAK’ DIVISIONS 7¢” MIN 





TEMPERATURE ~ DEGREES CENT 
Fig. 8. 


been heated electrically once to a bright red heat and then was 
taken over the scale of temperatures again. 

Curve I. is for increasing and Curve II. for decreasing tem- 
perature. It will answer every purpose to describe briefly a few of 
the curves actually obtained by references to the lettered points on 
the figure. 

10. In many cases temperatures were reached at which negative 
ions due to the temperature alone began to cross in the dark from 
the wire being tested to the electrometer electrodes. The two influ- 
ences were found to be practically additive ; extending the curves 
due to light alone at lower temperatures and adding the ionizations 
in the dark gave the experimental curves. 

1 Millikan and Winchester, PHys. REV., 24, 116, 1907. 








| 
| 
i | 

| 











24 J. @. DAVIDSON. [VoL. XXVI. 


11. New wires showed no more than one or two divisions of leak 
per minute at 15°. Thisincreased each time as the wire was raised 
to successively higher temperatures, and persisted for different 
periods with different wires, when the heating current was broken. 
Not until almost 400° had once been reached did the hysteresis effect 
with falling temperatures and the minimum from 100° to 300° with 
rising temperatures begin to appear. Then curves similar to those 
in the figure were obtained with each wire. The hysteresis is never 
an invariable phenomenon. If readings are taken slowly enough 
Curve II. retraces Curve I.; or we may stop at any point D on 
Curve II. and, by keeping temperature, field and light steady, gradu- 
ally drop the activity to the corresponding point on Curve I., though 
it may take half an hour to doit. The point Z never coincides 
with A unless the wire has been taken over the same or a higher 
scale of temperatures a short time previously. 

12. A clean wire coated with any one of various alkaline salts 
that were tried gives a similar succession of results and, ultimately, 
curves of the same shape as the new wire, though the activities were 
quite different with different salts. This is considered a final proof 
that the occluded material in new wires is not hydrogen but alkaline 
salts. 

13. A wire, cleaned as anode in an electrolytic cell, shows no 
activity until its temperature is raised to 400°, when it increases very 
rapidly. One wire gave go divisions of leak per minute at bright 
red heat and this included a slight ionization due to heat alone. 

Dropped back to 15°, it gave 120 divisions. Then for rising tem- 
peratures, the drop in the curve appears at 80° as in the figure, but 
the minimum part J, reaching just to red heat was only 4-7 divi- 
sions. No hysteresis was observed unless the temperature is very 
rapidly lowered. This action of the clean wire must be due to 
occluded oxygen ; it is certainly not a property of the platinum itself. 

A clean wire that has been held in a flame gives results similar to 
those above, except that the point C is decidely higher; in ! oth 
cases it is lower than A until the wire is raised to white heat. A 
wire at which hydrogen has been liberated electrolytically gives 
curves almost identical with those from a flame. 

14. I think that the curves obtained from new wires and wires 
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coated with salts are the resultant of the action of the salt and that 
of the clean wire, the minimum being due to the clean wire and the 
great activity at red heats with hysteresis effects being more espe- 
cially the properties of the salt. McLennan’ observed that some 
salts of calcium and sodium will give off negative ions when exposed 
to X-rays or ultra-violet light at temperatures between 200° and 
300°. As research in these lines progresses we shall doubtless be 
able to obtain clear relations between these ionization phenomena 
and the chemical dissociation constants of the salts. 

15. Several copper and iron wires were tested until it was found 
that polishing with emery paper leaves impurities on the surface 
that influence the result at high temperatures. Brightening the 
surface by scraping with a knife avoids this error. The leak remains 
constant from these two metals as temperature is raised quite rapidly 
to about 175°. Fatigue, however, is hastened by raising the tem- 
perature. At about 300° the leak froma polished surface can be 
seen to decrease rapidly. This must be due to oxidation. Again, 
at bright red heat, any oxidized piece of copper or iron which is 
quite inactive at ordinary temperatures becomes very active and 
brief hysteresis can be observed if the temperature is rapidly lowered. 
This is probably connected with reduction of some of the oxide to 
the metal by the heat. 


Methods of Polishing. 

16. It was accidentally observed that violently stretching a piece 
of copper wire that was not brightly polished greatly increased its 
sensitiveness, but not beyond that of a brightly polished surface. 
Squeezing in a vice and twisting were found to serve the same pur- 
pose. Violently scraping or rasping surfaces of iron, aluminum or 
german silver gives from IO per cent. to 20 per cent. greater sensi- 
tiveness than thorough polishing in a lathe with smooth emery 
paper. On the other hand, the smooth polishing of copper gives 
about 15 per cent. the greater effect. A bright surface of any one 
of these metals has about the same sensitiveness after about half 
an hour of continuous leak, no matter what method of polishing 
was used. Allen*® has shown that the fatigue of zinc can be rep- 


1McLennan, Phil. Mag., 3, 195, 1902. 
2 Allen, Proc. Roy. Soc., A, 78, 483, 1907. 
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resented as the resultant of two exponential curves, one with a 
much greater time factor than the other. It would seem from the 
experiments of this paragraph, incomplete as they are, that the 
initial rapid decay is a function of the treatment to which the sur- 
face has recently been subjected. 

17. Inattempting to account for the fatigue of metals exposed to 
ultra-violet light, different investigators advocate different theories, — 
oxidation, formation of layers of neutral gases, double layers of 
electricity or a kind of chemical change in the metal itself. No one 
of these would seem to account for all the new phenomena recorded 
in this section and probably each will prove to be the true explana- 
tion of particular cases. 

There are numerous cases of direct contradiction in the published 
researches on ionization phenomena. It is to be hoped that this 
paper has pointed out some of the real causes of these discrepan- 
cies. In particular, the difficulties arising from alkaline salts should 
be emphasized ; they are found on all surfaces exposed to the atmos- 
phere and it is extremely difficult to detach every trace of them ; 
some of them, at least, are slowly ionized at room temperatures and 
all of them at 400° and above. 

The main phenomena discovered during the research are : 

1. The temperature of the electrode has only a slight influence 
on conductivity of flames: the apparent exception to this in the case 
of a platinum cathode in a colored flame is due to occluded salts. 

2. The conductivity of the green cone ina colorless Bunsen flame 
is comparable with that of a colored flame. 

3. Large currents due to the attraction of positive ions against 
the drift of the flame gases cannot be obtained. 

4. Very rapid but brief leaks of positive ions can be obtained from 
hot platinum wires coated with alkaline salts. 

5. The occluded material in new platinum wires is shown to be 


mainly alkaline salts. 

6. A current carried by positive ions is not stopped by smoke. 

7. Collections of molecular aggregation apparently bearing elec- 
tric charges can be made on charged wires from many ionized gases 
and then easily re-ionized. 

8. Platinum wires which have been held in flame gases or used 
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as electrodes in electrolytic cells (except where oxygen is set free) 
become very sensitive to ultra-violet light. 


g. The minimum in photo-electric sensitiveness of platinum wires 
at temperatures between 100° and 200° is traced to the action of 
occluded gases. 

10. The initial rapid photo-electric fatigue of metals is connected 
with the method of polishing. 

I am deeply grateful to Professor E. P. Lewis and the other 
members of the physics department for unfailing interest and gen- 
erous assistance during my stay in this laboratory. 


UNIVERSITY OF CALIFORNIA, 
August 16, 1907. 
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ON THE DENSITY, ELECTRICAL CONDUCTIVITY 
AND VISCOSITY OF FUSED SALTS AND 
THEIR MIXTURES. 


By H. M. Goopwin AND R. D. MAILEy. 


Contributions from the Research Laboratory of Physical Chemistry No. 16. 


III. Conpuctiviry MEASUREMENTS. 


HE conductivity of the fused salts was measured by means of 
the well known Kohlrausch method. The bridge was of the 
horizontal drum type made by Leeds and Northrup and consisted 
of 5 meters of manganine wire wound in 10 turns upon a marble 
cylinder. The wire was carefully calibrated by the method of 
Strouhal and Barus. The known resistance was a Hartmann & 
Braun standard resistance box calibrated to better than 1/20 per 
cent. An adjustable Swedish telephone was used for detecting the 
minimum, the alternating current being supplied by a small induc- 
tion coil. 

The novel and most important feature of the apparatus was the 
form of conductivity cell which we used. This was designed only 
after considerable experimenting with different materials and types 
of cell. The several properties which the material for a cell should 
possess if suitable for containing fused electrolytes at temperatures 
up to 500° C., are not readily found combined. The cell should 
be, first,a non-conductor of electricity at the highest temperature at 
which it is to be used; second, it should be chemically inert with 
respect to the substances ¢ontained in it ; and, third, it should be of 
such a form that the actual ohmic resistance of the fused salt is 
fairly high, 100 ohms or over, on account of the very high specific 
conductance of these electrolytes. The form of the cell should also 
be such that large e ectrodes may be used in order to diminish the 
effect of polarization and consequent blurring of the minimum. 




















No. 1.] CONDUCTANCE OF FUSED §S ALTS. 29 


A substance admirably fulfilling these conditions is quartz, either 
in the vitreous or natural crystalline form. The design of cell 
which we devised is shown in Fig. 6. #2 isa cylinder of rock crys- 
tal 5 cm. long and 14 mm. diameter, cut parallel to its axis, through 
which a capillary 1.5 mm. in diameter is bored with a diamond drill. 
The ends are carefully ground to a 
slight taper. The ends of this cylin- 
der are closed by platinum elbows 4, 
carefully ground on with rotten stone, 
and these in turn form the two elec- 
trodes of the cell. They are so de- 


signed that the flow lines from the end 
of the capillary spread out over a WWM 


large platinum surface thus reducing Fig. 6. 

the effect of polarization to a mini- 

mum. The cell is suspended in the furnace by means of platinum 
leads DD attached to the elbows by means of platinum plugs in- 
serted in small platinum blocks CC. 

It was originally intended to use fused quartz for this cylinder in 
order to eliminate the effect of temperature on the cell constant, but, 
owing to the large differential expansion between this substance and 
platinum, the cell invariably began to leak when the temperature 
was raised to 300° or 400° C. We therefore chose natural quartz 
crystal, as the coefficient of expansion of this substance at right 














angles to its axis happens fortunately to be very nearly that of plati- 
num. The effect of the very slight leakage along the surface of B 
which was sometimes observed at high temperatures, was corrected 
for by measuring, by means of an auxiliary platinum wire electrode 
DE, wound around the center of the cylinder, the resistance between 
this electrode and the two platinum ends. The correction for change 
of cell constant with the temperature could be accurately calculated 
as the expansion coefficients of quartz along both its axes are well 
known.' With this cell conductivities could be measured with a 
minimum as sharp as that obtained under best working conditions 
with aqueous solutions at ordinary temperatures. The precision of 
a measurement was practically determined therefore by the precision 


with which the true temperature could be measured. 
1H. W. Randall, Puys. REV., 20, pp. 10-37, 1905. 
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Another substance with which we experimented was pure magne- 
sium oxide fused in the electric furnace. This substance is capable 
of being heated to nearly 2,000° C. before melting, is a fine insulator, 
and is chemically inert even at very high temperatures with respect 
to many neutral and alkaline compounds. The fused oxide is 
however, crystalline in structure and liable to contain blow holes 
which make it a difficult matter to obtain cylinders of sufficient homo- 
geneity to serve as conductivity cells. For temperatures above 
which quartz cannot be used however, this substance offers great 
possibilities particularly as its coefficient of expansion is not greatly 
different from that of platinum.’ 


DETERMINATION OF CELL CONSTANT. 

To standardize the cell a solution of sulphuric acid was used, as 
recommended by Kohlrausch and Holborn,’ and as a check on 
this, a saturated sodium chloride solution as well. The acid solu- 
tion was made up from extra chemically pure sulphuric acid from 
Eimer and Amend by diluting it with best conductivity water until 
its density, as determined by an Ostwald picnometer, was 1.223 at 
18° C. The saturated sodium chloride solution was made up by 
first heating to 80° C. an excess of purified salt with best conduc- 
tivity water, then rotating this solution in a thermostat at 18° C. 
for four hours. The clear solution was then quickly filtered off by 
a special filtering apparatus. The process of filtration did not 
change the concentration appreciably, since a change of 29° C. 
would increase the solubility by an amount which would change 
the conductivity by only 0.1 per cent. The sodium chloride was 
prepared by precipitating it from a saturated solution of C.P. salt 
by hydrochloric acid gas, the precipitated salt being then dried in 
a platinum dish over a Bunsen burner. 

The cell constant was determined at 18° C. in a felt jacketed 
thermostat filled with xylene. The thermostat was provided with 
a cooling coil, an electric heating coil, and an electrically driven 
stirrer. The temperature could be maintained constant at 18° C. 
to within 0.01° C. as long as desired. The temperature was meas- 


‘Goodwin & Mailey, PHys. REv., 27, p. 22, 1906. 
* Leitvermégen der Electrolyte, p. 74. 
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ured by a thermometer graduated directly in tenths of a degree the 
corrections of: which were determined by comparison with the 
laboratory standard (Toneleau) which had been tested at the U. S. 
Bureau of Standards. As xylene is a good insulator, the conduc- 
tivity cell was suspended directly in the bath. 

The procedure in determining the cell constant was as follows: 
After connecting the cell into the bridge circuit it was washed out a 
number of times with the calibrating solution, then filled to within a 
few millimeters of the top of the elbows, and suspended in the xylene 
bath, the temperature of which had been previously adjusted to that 
desired. When the resistance in the cell became perfectly constant 
the measurement was taken. Subtracting from this resistance the 
resistance of the leads which had been previously measured on the 
same bridge, the actual resistance of the liquid in the cell was obtained. 
The cell was then emptied and the procedure repeated several times 
with fresh solution. 

In order to determine what effect the level of the liquid in the 
cell might have on the cell constant different quantities of liquid 
were put into the cell and its resistance determined. From these 
measurements it was found that as long as the height of the liquid 
was a few millimeters above the upper angle of the elbow, it had no 
effect on the resistance. No change in the cell constant could be 
observed upon repeatedly taking the cell apart and reassembling it 
or upon heating it to a high temperature and then cooling it. 

The procedure in determining the conductivity of the fused salts 
was similar to that followed in measuring the cell constant. The 
cell was assembled and sufficient salt introduced to fill the ends to 
the desired level when the salt was fused. The cell was then hung 
in position in the electric furnace previously described, the mica 
cover put in place and the thermo-electric couple adjusted so that 
the junction was immediately above and touching the tube B. The 
furnace was brought to any desired constant temperature and the 
resistance of the salt repeatedly measured until it became constant. 
Between each measurement the cell was tilted back and forth so as 
to introduce fresh liquid in the capillary. The corresponding tem- 
perature was then measured and from these data and the cell con- 
stant corrected for temperature, the specific conductance of the salt 
was calculated. 
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The value of the cell constant & at the temperature of the fused 
salt was computed by means of the formula 


I+ at 
k = Asc + pt)? 
where a = coefficient of expansion parallel to axis of cylinder and 
8 = coefficient of expansion perpendicular to axis of cylinder. The 
expansion coefficients for quartz were taken from data by Randall’ and 
a plot constructed with values of 4, as ordinates and corresponding 
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temperatures as abscisse. From this plot the cell constant at any 
given temperature was directly interpolated. 

The other correction, that for lead resistance, was determined by 
measuring the resistance of the leads when in position in the furnace 
(the platinum elbows being short circuited by platinum wire) at dif- 
1H. M. Randall, Puys. REv., 20, pp. 10-37, 1905. 
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33 
ferent temperatures. By plotting these data the resistance at any 
given temperature could be graphically interpolated. 

Results. — The final results which we have obtained on the spe- 
cific conductance « of the fused salts investigated are given in the 
following tables. Tables X. to XIV. contain the mean results on 


TABLE X. 
Specific Conductance of NaNO,. 


TES. enstiaaee K. Sengenem. rn. Ke 
318.7 1.022 404.3 1.402 
329.7 1.073 | 411.4 1.433 
349.8 1.172 | 417.9 1.448 
351.1 1.184 420.1 1.456 
363.3 1.228 428.9 1.487 
378.5 1.299 446.3 1.570 
379.7 1.316 | 459.9 1.595 
381.6 1.318 477.6 1.697 
397.8 1.376 

TABLE Xa. 


Specific and Equivalent Conductance of NaNO,,. 


Temp. | Conductance TERS’ Yelcme'g, Conductance | TR Soh 
K. A = dx. } 

305 M.P. 0.9510 44.32 42.15 

310 0.9768 44.40 43.37 

320 1.027 p= 44.57 45.77 te 
330 1.077 a6 44.74 48.18 a: 
340 1.125 “an 44.90 50.52 as 
350 1.173 38. § 45.07 52.87 ian 
360 1.219 249 45.26 55.17 as 
370 1.262 pop 45.43 57.55 33.5 
380 1.305 209 45.60 59.51 289 
390 1.345 -6 45.77 61.56 pay 
400 1.384 ro 45.95 63.59 os 
410 1.422 <6 46.12 65.58 op 
420 1.458 ae 46.29 67.50 poop 
430 1.494 rape 46.47 69.43 4 
440 1.528 = 46.65 71.28 | ace 
450 1.562 mye 46.83 73.18 | ass 
460 1.595 "8 47.01 74.98 a4 9 
470 1.628 12.0 47.19 76.83 | oo 
480 1.658 17.0 47.38 7.56 | a6 
490 1.687 16.0 47.56 80.23 910 


500 1.716 47.75 81.94 
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the pure salts, and Tables XV. to XVIII. those on the mixtures. 
These data have been plotted, as shown on a reduced scale in plot 
IV., values of the specific conductance being taken as ordinates 
and corresponding temperatures as abscisse. 
representing these data the values of the specific conductance for 


TaBLe XI. 


Specific Conductance of K NO. 


From the curves best 


Specific Conductance 





Temperature. —_— ee Temperature. Siensuel ¢. 
346.1 0.6563 429.0 0.9179 
355.3 0.7047 432.0 0.9204 
364.5 0.7179 434.2 0.9250 
381.1 0.7662 474.4 1.039 
382.5 0.7710 491.0 1.086 
387.5 0.7887 508.9 1.131 
403.4 0.8291 
420.0 0.9000 

TABLE Xla. 
Specific and Equivalent Conductance of K NOs. 
Temperature. on ~ = . Fs ease Conductance a 

333.7 M.P. 0.6225 53.96 33.59 

340 0.6420 49.0 54.11 34.74 53.5 
350 0.6728 46.8 54.31 36.54 50.6 
360 0.7035 44.6 54.51 38.35 48.3 
370 0.7345 43.1 54.75 40.21 47.3 
380 0.7650 40.7 54.96 42.04 4.6 
390 0.7955 39.1 55.20 43.91 43.5 
400 0.8255 37.1 55.41 45.74 a8 
410 0.8558 36.1 55.66 47.63 pena 
420 0.8858 34.5 55.87 49.49 38.3 
430 0.9153 32.8 56.08 51.33 an 
440 0.9445 30.4 56.34 53.21 35.9 
450 0.9730 29.7 56.56 55.03 33.6 
460 1.001 27.5 56.78 56.83 32.2 
470 1.029 27.6 57.02 58.67 $19 
480 1.056 25.9 57.24 60.45 28.9 
490 1.083 25.2 57.49 62.26 29.4 
500 1.109 23.8 57.75 64.04 28.2 
510 23.2 57.98 65.81 27.3 


1.135 
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each salt and mixture have been interpolated for ten-degree inter- 
vals. These values are given in Tables Xa to XVIIIa and form 
the basis of our later discussion. 


TABLE XII. 
Specific Conductance of LiNOg. 


Specific Specific 





Temperature. Conductance Temperature. Conductance 
f Observed, «. Observed, «x. 

244.9 0.0813 279.7 0.9513 
248.5 0.7806 284.3 0.9706 
261.4 0.8540 290.6 0.9897 
264.9 0.8669 299.0 1.057 
265.2 0.8758 299.3 1.068 
270.2 0.9103 303.7 1.093 
275.9 0.9374 319.4 1.182 
276.2 0.9384 321.5 1.188 
276.9 0.9381 


277.8 0.9327 


TABLE XIla. 
Specific and Equivalent Conductance of LiNO3. 


Specific | Temp. Coef. Molecular Equivalent Temp. Coef. 
rot. 





Temperature. Conductance, Volume, ¢. say 10'C/’. 
K. Azden. | 
250 M.P. 0.7886 38.50 30.36 
260 0.8448 68.8 38.63 32.63 oe 
270 0.9001 os 38.76 34.89 67.0 

280 0.9570 : re 38.89 37.22 rons 

290 1.013 a : 39.00 39.51 “ 

300 1.069 39.13 41.83 5 : 

310 | ~—s«1.126 51.9 39.27 44.21 56. 

TABLE XIII. 
Specific Conductance of AgNO. 

Temperature. “So Temperature. wee —— 
200.0 0.0102 267.0 0.9083 
219.7 0.6885 286.1 0.9921 
223.5 0.7056 294.1 1.025 
246.6 0.8172 315.0 1.113 
248.9 0.8286 324.0 1.143 
253.6 0.8516 


254.0 0.8523 
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Confining our attention first, to the results on pure salts we have in 
Tables Xa to XIVa in addition to the values of the specific conduc- 
tance, column two, the values of the temperature coefficient C, x 10* 
at ¢= 1/2(¢, + ¢,), column three. This was computed for each ten- 
degree interval on the assumption that over this range of temperature 
the variation of conductance is linear, 7. ¢., 

Oa > ee 
1/2(K,+*,) 4-4, 
Inspection of the plot shows this to be very approximately the case. 
In column four are given values of the equivalent volume ¢ at the 


TaBLE XIIIa. 
Specific and Equivalent Conductance of AgNO,. 





























Temp. | Conductance, TERE | Yeittnerss. | Conductance | TES 
218M.P. | 0.6815 — 42.88 | me | me 
230 | 0.7400 615 43.01 31.83 | gs 
240 | 0.7870 57.9 43.14 33.95 | 608 
250 | 0.8340 53.7 43.26 36.08 59.1 
260 | 0.8800 48.8 | 43:38 38.28 | 490 
270 | 0.9240 45.0 43.50 40.20 47.8 
280 | 0.9665 42.1 43.63 42.17 438 
290 | 1.008 40.2 43.75 44.10 | 45.7 
300 1.049 37.4 43.89 46.16 37.5 
310 1.089 35.2 44.00 47.92 38.2 
320 1.128 33.1 44.14 49.79 35.9 
330 ; 1.166 32.1 44.26 51.61 36.3 
340 | 1.204 32.4 44.39 53.45 36.4 
350 | 1.245 44.52 55.43 

TABLE XIV. 
Specific Conductance of AgClO . 
| Specific Specific 
Temperature. Conductance Temperature. Conductance 
Observed, «. Observed, «. 
197.0 0.0256 222.2 0.3903 
200.5 0.3210 225.1 0.3978 
207.3 0.3468 226.4 0.4030 
210.1 0.3531 234.0 0.4232 
240.0 0.4444 


220.8 0.3853 
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TABLE X1Va. 
Specific and Equivalent Conductance of AgClO,. 











Specific | Temp. Coef. | Molecular Equivalent | Temp. Coef. 


Temperature. Conductance, | 10 C.. Volume, ¢. sae ed 10, Cy’. 

200 0.3219 48.65 | 15.66 
91.3 . 

210 0.3527 82.7 49.11 17.32 - : 
215 0.3676 81.6 49.22 18.09 86.6 
220 =|, —S (0.3829 "6. 6 49.33 18.89 80.8 
230 0.4134 | 72.2 49.55 20.48 77.0 
240 0.4444 | 65.2 49.78 22.12 69.8 


250 0.4743 | 50.00 


23.72 





corresponding temperatures (taken from Tables Ia to Va) and in 
column five the values of the equivalent conductance 4 = gx. The 
last column contains values of the temperature coefficient of the 
equivalent conductance C,’ at ¢ = 1/2(¢, + ¢4,) degrees, computed for 
each ten-degree interval by the formula 


I A,—A 
C! = —__—___. . -4___1, 
( ~ 1/2(44,+ 4, 4-4 


The above results on the specific conductance of sodium and 
potassium nitrates are in good agreement with those recently ob- 
tained by Kalmus! in Professor Lorenz’s laboratory at Ziirich. 
Thus the average difference between his values and ours for sodium 
nitrate is only a few tenths per cent., an agreement eminently satis- 
factory in view of the entire independence of the methods and form of 
apparatus used. In fact, our measurements and those of Kalmus 
appear to be the only ones among all previously published results 
which do agree well, those of Poincaré and of Foussereau on these 
same salts being 8 to 10 per cent. higher. We regard this agreement 
as lending great weight to the results of both these investigations and 
to the reliability of the methods employed. As sodium and potas- 
sium nitrates are the only two salts common to our investigation and 
that of Kalmus, a comparison of other values is impossible. 

From a study of Tables Xa to XIVa and of the curves repre- 
senting the corresponding data, the following conclusions may be 


drawn : 
1 Zeit. fiir Phys. Chem., 59, pp. 17, 244, 1907. 
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Confining our attention first, to the results on pure salts we have in 
Tables Xa to XIVa in addition to the values of the specific conduc- 
tance, column two, the values of the temperature coefficient C, x 10* 
at ¢= 1/2(¢, + 4,), column three. This was computed for each ten- 
degree interval on the assumption that over this range of temperature 
the variation of conductance is linear, 7. ¢., 

I K,— K 
OE 
‘1/24, +*,) 4-4 
Inspection of the plot shows this to be very approximately the case. 
In column four are given values of the equivalent volume ¢ at the 


TasLe XIIIa. 
Specific and Equivalent Conductance of AgNO, 











Specific Temp. Coef. Molecular Equivalent | Temp. Coef. 











Temp. Con 7am 10* C. Volume, ¢. sae nae 10°C’. 
218M.P. | 0.6815 ion 42.88 | Me | ne 
230 0.7400 615 43.01 31.83 | gas 
240 0.7870 57.9 43.14 33.95 | 608 
250 | 0.8340 53.7 43.26 36.08 59.1 
260 0.8800 48.8 43.38 38.28 | 499 
270 | 0.9240 450 | 43-50 40.20 | gre 
280 0.9665 42.1 43.63 42.17 43.8 
290 | 1,008 40.2 43.75 44.10 ge 
300 1.049 37.4 43.89 46.16 37.5 
310 1.089 35.2 44.00 47.92 38.2 
320 1.128 33.1 44.14 49.79 35.9 
330 | 1.166 32.1 44.26 51.61 36.3 
340 | 1.204 32.4 44.39 53.45 36.4 
350 | 1.245 44.52 55.43 : 

TABLE XIV. 


Specific Conductance of AgClO . 


Specific Specific 





Temperature. Conductance | Temperature. Conductance 
Observed, «. Observed, «x. 
197.0 0.0256 222.2 0.3903 
200.5 0.3210 225.1 0.3978 
207.3 0.3468 226.4 0.4030 
210.1 0.3531 234.0 0.4232 


220.8 0.3853 240.0 0.4444 
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TABLE XIVa. 
Specific and Equivalent Conductance of AgClO,. 














Specific | Temp. Coef. Molecular Equivalent Temp. Coef. 


Temperature. Conductance, | 10 C. Volume, ¢ | 10, C/ 
K. sisi A = ox. chnatd 
200 0.3219 48.65 | 15.66 
91.3 : 
210 0.3527 82.7 49.11 17.32 - : 
215 0.3676 81.6 49.22 18.09 86.6 
220 | 0.3829 "6.6 49.33 18.89 80.8 
230 0.4134 | = a9 49.55 20.48 77.0 
240 0.4444 | 65.2 49.78 22.12 69.8 


250 0.4743 | 50.00 23.72 
corresponding temperatures (taken from Tables Ia to Va) and in 
column five the values of the equivalent conductance 4 = ge. The 
last column contains values of the temperature coefficient of the 
equivalent conductance C,’ at ¢= 1/2(¢, + 4,) degrees, computed for 
each ten-degree interval by the formula 
C = me! Se. Ay 
(1/2(4,+ 4.) 4-4 

The above results on the specific conductance of sodium and 
potassium nitrates are in good agreement with those recently ob- 
tained by Kalmus' in Professor Lorenz’s laboratory at Ziirich. 
Thus the average difference between his values and ours for sodium 
nitrate is only a few tenths per cent., an agreement eminently satis- 
factory in view of the entire independence of the methods and form of 
apparatus used. In fact, our measurements and those of Kalmus 
appear to be the only ones among all previously published results 
which do agree well, those of Poincaré and of Foussereau on these 
same salts being 8 to 10 per cent. higher. We regard this agreement 
as lending great weight to the results of both these investigations and 
to the reliability of the methods employed. As sodium and potas- 
sium nitrates are the only two salts common to our investigation and 


that of Kalmus, a comparison of other values is impossible. 

From a study of Tables Xa to XIVa and of the curves repre- 
senting the corresponding data, the following conclusions may be 
drawn : 


1 Zeit. fir Phys. Chem., 59, pp. 17, 244, 1907. 
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First : The specific conductance of fused sodium, potassium, and 
silver nitrates is not a linear function of the temperature but increases 
less and less rapidly as the temperature rises. Thus the change 
per degree in the specific conductance of sodium nitrate decreases 
from 0.0050 at 310° to 0.0036 at 410°; for silver nitrate the 
change decreases from 0.0047 at 230° to 0.0038 at 330°. 

Second : The specific conductance of lithium nitrate and of silver 
chlorate is, within the error of experiment, and over the smaller 
temperature range (about 50°), which their limited stability per- 
mitted them to be investigated, a linear function of the temperature. 
The precision of the results on these salts is not as great as in the 
case of the other nitrates. Lithium nitrate, owing to its great 
hygroscopic tendency, was particularly difficult to investigate. 

Third: The equivalent conductance of all salts investigated 
increases with the temperature, the percentage increase per degree 
being greater in every case than the corresponding percentage 
change of the specific conductance at the same temperature. 

Fourth: The rate of increase of both specific and equivalent con- 
ductance becomes less the higher the temperature, but the decrease 
in rate is less marked in the case of equivalent than in the case of 
specific conductance. 

Fifth: The temperature coefficient of a salt in the fused state is 
much less than the temperature coefficient of its aqueous solution. 

We next investigated the conductance of mixtures of two salts 
possessing a common ion, namely NaNO, and KNO,. Previous 
experiments made by one of us’ on the electromotive force of cer- 
tain voltaic cells containing fused mixtures as electrolytes, indi- 
cated that the law of mass action holds in these mixtures as well 
as in aqueous solutions and that the dissociation of each salt is 
therefore affected, — depressed,— by the presence of the other. 
If this be the case then the conductance of the resulting mixture 
should be /ess than the sum of the conductances of the components. 

Tables XV. to XVII. and Plot IV. contain the results of experi- 
ments made to test this conclusion, the two salts being mixed in 
proportions 2 to 8, 5 to § and 8 to 2 mols respectively. In column 
two is given the value of the specific conductance ; in column three 


1Goodwin, PHys. REV., 24, 77-92, 1907. 
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the corresponding density (see Tables VI. to VIII.); in column 
four the corresponding equivalent conductance, 7. ¢. 


«x (n,M,+2,M,) 
ek co: * 


where 7, and , are the number of mols of the two salts of molecular 
weights J/7, and J, respectively, in the mixture. 
In the fifth column is given the value of the equivalent con- 


TABLE XV. 
Specific Conductance of 2: Mols K NO, 4-8 Mols NaNO,,. 


Specific Conductance 


Temperature. | Observed. 
26 @ @02. ———————— : 
399.1 1.224 


454.1 1.401 





TABLE XVa. 
Specific Equivalent Conductance of 2 Mols KNO, +-8 Mols NaNO,. 





Specific Con- Equivalent | Equivalent 


Temperature. ductance, «. Density, D. Conductance. | Conductance Difference. 
Computed. 
274 0.7025 1.937 32.03 
290 0.7735 1.925 35.48 
300 0.8185 1.918 37.69 
310 0.8623 1.910 39.87 
320 0.9048 1.903 41.99 
330 0.9480 1.896 44.15 
340 0.9905 1.888 46.33 47.36 —1.03 
350 1.032 1.881 48.45 49.60 1.35 
360 1.073 1.874 50.56 51.81 —1.25 
370 1.110 1.866 52.53 54.09 —1.56 
380 1.153 1.859 54.77 56.02 —1.35 
390 1.191 1.852 56.79 58.03 —1.24 
400 1.227 1.844 58.76 60.02 —1.26 
410 1.262 1.837 60.67 61.99 —1.32 
420 1.295 1.830 62.49 63.90 —L Al 
430 1.327 1.823 64.28 65.81 —1.53 
440 1.358 1.815 66.07 67.67 —1.60 


450 1.389 1.808 67.84 69.33 —1.69 
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ductance of the mixture computed from the conductance of the 


components, 7. ¢., 
al nA, + n,A, 
nN, + Nn, 


and in the last column the difference between the observed and 
computed values. 

It is evident from a study of these differences that the equivalent 
conductance of mixtures of sodium and potassium nitrate is less than 
that computed from the conductance of the components of the mix- 


TasLeE XVI. 
Specific Conductance of 5 Mols KNO, + 5 Mols NaN0O,. 
a Ss autie 's cific 
Temperature. Conductance Temperature. Conductance 
Observed, «. Observed, «. 
323.9 0.7625 387.6 0.9981 
364.2 0.9262 414.7 1.091 
367.4 0.9313 433.5 1.155 


376.2 0.9645 442.0 1.181 


TABLE XVIa. 
Equivalent Conductance of § Mols KNO, + 5 Mols NaNO,. 











Specific Equivalent Equivalent 





Temp. Conductance, Density, D. Conductance. Conductance Difference. 
Ke Computed. 

220 0.3300 1.967 13.64 

300 0.6630 1.907 32.23 

310 0.7043 1.899 34.54 

320 0.7475 1.892 36.80 

330 0.7890 1.884 39.01 

340 0.8293 1.876 41.17 42.63 —1.46 
350 0.8680 1.869 43.25 44.71 —1.46 
360 0.9050 1.862 45.27 46.76 —1.49 
370 0.9410 1.854 47.27 48.88 —1.61 
380 0.9768 1.847 49.26 50.78 —1.52 
390 1.011 1.839 51.20 52.74 —LS 
400 1.045 1.832 53.13 54.67 —1.54 
410 1.078 1.824 55.05 56.61 —1.56 
420 1.111 1.817 56.95 58.50 —1.65 
430 1.143 1.809 58.85 60.38 —1.53 
440 1.174 1.802 60.68 62.25 | -—1.57 


450 | 1.205 | 1.794 62.56 64.09 | 1.53 __ 
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; Taste XVII. 
Specific Conductance of 8 Mols K NO, +-2 Mols NaNO,, 
ee a | Specific 
Temperature. Conductance _ Temperature. Conductance 

Observed. Observed. 

322.4 0.6392 369.4 0.8055 

332.7 0.6849 388.7 0.8684 

337.1 0.6930 398.5 0.9004 


352.4 0.7399 1.055 


TaBLE XVIla. 
Equivalent Conductance of 8 Mols K NO, +- 2 Mols NaNOg. 





Temp, Con i Density, D. os a Difference. 
K. Computed. 

284 M.P. 0.5013 1.914 25.66 

300 0.5600 1.902 28.84 

310 0.5955 1.896 30.77 

320 0.6318 1.889 32.77 

330 0.6668 1.881 34.73 

340 0.7015 1.873 36.69 37.90 a 
350 0.7358 1.866 | 38.63 39.81 <—" 
360 0.7705 1.858 40.62 41.71 -1.01 
370 0.8055 1.851 42.63 43.68 —1.05 
380 0.8393 1.843 44.61 45.53 —0.92 
390 0.8730 1.835 46.62 47.44 —0.82 
400 0.9053 1.828 48.52 49.31 —0.79 
410 0.9370 1.820 50.44 51.22 —0.78 
420 0.9678 1.812 52.35 53.09 —0.74 
430 0.9983 1.805 54.18 54.95 —0.77 
440 1.028 1.797 56.04 56.82 —0.78 


450 1.059 1.790 57.96 58.65 —0.69 





ture. The mutual effect of the two salts on each other is to de- 
crease the conductance of one or both of the salts by an amount 
dependent upon the composition of the mixture. The difference 
between observed and calculated values is as great as 4 per cent., 
being a maximum for the equimolecular mixture. This difference, 
though small, cannot be accounted for on the ground of experi- 
mental error. The effect of mixing these two salts must be there- 
fore to change either their degree of ionization or the migration 


velocity of their ions, or both. We have independent evidence for 
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believing that their dissociation is somewhat diminished ; we shall 
see later from the measurements of the viscosity of the same mix- 
tures that in them the ionic velocities may be greater than in the 
pure salts. 

The only other experiments thus far carried out which bear upon 
this problem are those by Bouty and Poincaré’ and by Poincaré.’ 

They also investigated the conductance of mixtures of sodium 
and potassium nitrate and came to the conclusion that the con- 
ductance of the mixture was equal to the conductance computed 
from that of the components. Since however the agreement found 
by them was only within about 1 to 4 per cent., the above effect 
shown by our experiments would not have been evident. 

We also investigated the conductance of a mixture consisting of 
two dissimilar salts possessing no common ion, namely, lithium 


TasBLe XVIII. 


Specific Conductance of § Mols LiNO, + 5 Mols AgClOy. 


Specific Specific 








Temperature. Conductance Temperature. Conductance 
Observed, «. Observed, «. 
211.5 0.3949 225.0 0.4447 
214.5 0.4111 231.0 0.4637 
216.0 0.4169 240.0 0.5132 
220.0 0.4503 240.7 0.5137 


220.0 0.4506 


TaBLe XVIIIa. 
Equivalent Conductance of § Mols LiNO, }+-5 Mols AgC/O,. 


Temperature. com nll a on ——., a. Difference. 
K. Computed. 
210 0.3890 2.968 17.07 19.57 —2.50 
220 0.4306 2.957 18.96 21.43 —2.47 
230 0.4719 2.946 20.86 23.32 —2.46 
240 0.5132 2.936 22.76 25.23 —2.47 
250 0.5553 





2.925 — 24.72 27.12 —2.40 





1 Bouty and Poincaré, Ann, de Chim. et de Phys., ser (6), tome XVII., pp. 52-61 
(1889). 
21. Poincaré, Ann. de Chim, et de Phys., ser (6), tome XXI., pp. 322-324 (1890). 
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nitrate and silver chlorate. Here a metathesis is possible between 
the salts according to the reaction 


LiNO, + AgClO, = AgNO, + LiCIO,. 


If the degree of ionization of the products of this reaction is materi- 
ally less than that of the initial salts, the resulting conductance will 
be less than the sum of conductances of the components. Inspec- 
tion of columns four and five in Table X VIIIa shows this to be the 
case ; the observed equivalent conductance is more than 10 per 
cent. less than that computed from the component salts, indicating 
the formation of considerable undissociated salt. It is to be noted 
that our experiments on the density of this mixture, see Table IX., 
indicated a marked contraction of volume (16 per cent.) upon mixing 
the components. These experiments further emphasize the influence 
of the presence of one salt on the ionization of another. Unfortu- 
nately the effect in the above case cannot yet be computed for lack 
of data on the absolute dissociation of the salts concerned. 


IV. Viscosiry — FLurpiry — MEASUREMENTS. 


The third part of our investigation was devoted to the determina- 
tion of the viscosity of the fused salts previously investigated. The 
only previous work done on this class of substances was that of 
Foussereau ' who in 1885 determined the viscosity of fused sodium 
and potassium nitrates and of their mixtures by Pousseuille’s cap- 
illary tube method. The results obtained lead him to conclude that 
viscosity and specific conductance varied reciprocally or otherwise 
expressed, that the fluidity of a fused salt and its specific conduc- 
tance were directly proportional. As our results on the specific con- 
ductance of sodium and potassium nitrate failed entirely to confirm 
those of Foussereau the above conclusion drawn by him seemed also 
open to question. We therefore attempted to determine the viscosity 
of the salts we had previously investigated with a precision of one 
per cent. or better in order to definitely settle this question. The 
experimental difficulties encountered were such however as to render 
our results reliable to not more than one or in some cases two per 
cent., a precision distinctly less than that attained in our conduc- 
tivity measurements. 

1 Ann. de Chim. et de Phys., vol. 5, ser. 6, 359, 1885. 
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We first attempted to construct our viscosity apparatus of glass, 
but found that with all samples of glass capillaries available, an etch- 
ing occurred which not only rendered the constant of the apparatus 
uncertain, but also tended to contaminate the electrolyte. Unfor- 
tunately fused quartz capillaries were not obtainable without long 
delay so that we finally devised an apparatus of platinum which 
gave very satisfactory results. ‘ 

The apparatus is shown in Fig. 7. It will be seen to be a 

modification of the well known form of ap- 
7 paratus used for relative viscosity measure- 
ments. The capillary C was 0.6 mm. diame- 
ter and 100 mm. long, and enclosed in a tube 
of platinum 3 mm. diameter to protect it from 
injury. 

The volume of the bulb B was Io c.c. and 
that of the lower reservoir A 100 c.c. approxi- 
mately. The form of each of these reservoirs 





is shown in the figure ; A was approximately 
cylindrical in form and of large cross-section. 
To reduce expense, this portion of our appa- 
ratus was constructed of silver instead of 
platinum by which the range of temperature 
over which it could be used was limited. If 
constructed wholly of platinum the apparatus 
may be used up to any temperature at which 
the salts investigated remain undecomposed. 
The salt was first introduced as powder and 
melted in the reservoir A. It was then forced 
up by means of compressed air through the 
Fig. 7. capillary C until the bulb B was completely 

filled and allowed to flow back into A under 

the influence of gravity. The novel feature of the apparatus was 
the method of noting the time it took the liquid in the bulb B to 
flow back through the capillary. This was accomplished by noting 
the time the surface of the liquid broke contact first, with a very fine 
platinum electrode extending nearly down to the top of the bulb B, 
and second, with a similar independent electrode, adjusted to the 
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lower end of the bulb B where it joins the capillary. The time of 
breaking these circuits was noted by means of a telephone placed in 
series with an induction coil. When the two electrodes were 
properly centered, the time of flow could be determined with a pre- 
cision of about one second in 800 seconds. The whole apparatus 
was immersed in the fused nitrate bath described in Section I., thus 
enabling a very uniform temperature to be maintained throughout. 
Corrections. — The coefficient of viscosity of a liquid flowing 
through a capillary tube is given by the well-known formula! 


mript = =dv 
Z,=——; — : 
‘ $ul— 8xlt 


in which the second term is a small correction for the kinetic energy 
of the liquid issuing from the capillary. In this formula / is the 
length and r the radius of the capillary, and ¢ the time it takes a 
volume v of the liquid of density d to flow through the capillary 
under a pressure /. 

For a given capillary this expression may be written 


B 
y) =pt[ 4,- 2): 


where A, and A, are constants. 

The constant 4, is independent of the temperature since its effect 
on the change in cross-section of the capillary is just offset by the 
change in volume of liquid flowing through the capillary and in its 
length. The effect of temperature on the value of 2, may be neg- 
lected as this constant enters only in a small correction term. 

The pressure / is proportional to the density of the liquid and 
the height through which the liquid falls. The density is known 
for each liquid over the range of temperature investigated. The 
height varies with the temperature as the first power of the linear 
coefficient of expansion of the platinum capillary ; hence 


pwod(i + af) 
where @ is the temperature and a the coefficient expansion of the 


'Hagenbach, Pogg. Ann., sog, 385, 1860. Gartenmuster, Zeit. phys. Chem., 6, 
524, 1890. 
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} material composing the capillary. The expression for the viscosity 
may therefore be written 


B 
y= atl + a0) [4+ > | 


where 4 and B& are constants independent of #. These constants 
may be determined by calibrating the apparatus with a liquid (water ) 
of known viscosity at two different temperatures. The viscosity of 
any other liquid may then be determined by measuring its time of 
flow ¢ through the same apparatus at a known temperature @. 

One other correction was applied to eliminate the effect of change 
in head of the liquid on the time of flow, due to change in cross-sec- 
tion of the reservoir A and expansion of the liquid. This correction 





was very small, never exceeding a few tenths of one per cent. It 
was determined as follows : 

The apparatus was calibrated with water at 0° C. and @° C. 
Suppose the corresponding volumes of liquid in the reservoir A to 
qt be v, and vz. At @° the cross-section of the reservoir increased 
from s, to s,(1 + 2a/). In order therefore that the liquid should 
stand at the same level as at 0° its volume should be 7,(1 + 227). 
It is, however, 7, and therefore the quantity 

v1 + 2at)—ve vt 


9) 


1 + 2at ~  o § he Sas 


represents the resulting change in height of the liquid in the reser- 
voir A, assumed cylindrical. If therefore x represents the change 
in the time of flow through the capillary with change of head we 
have 





1 | 

| Vv 

i ted = se ed (« — 5a)+] 
| ¢ corrected = ¢ observ +(%—7 + oa 


The value of + was determined experimentally and found to be 

0.00233. In the case of the fused salts the values of the volume 
were computed from the data on the density and known weight of 

i | salt used. 

i The following values of the absolute viscosity of water were used 
| in computing the values of the constants A and B. These are the 

best average values taken from the investigations of Gartenmuster, 
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Heydweiller, Noack, Pacher, Pousseuille, Slotte, Sprung, Thorpe and 
Rodger, Grotrian, Meyer and Wagner. All values given later for 


Values of Viscosity of Water. 








Temperature. 10°» Temperature. 10°» 
0 1797 19 1029 
5 1518 20 1004 
10 1307 21 980 
15 1140 22 | 957 
16 1110 23 936 
17 1082 ! 24 915 


18 1055 25 895 


the viscosity and fluidity are therefore absolute, not relative values, 
and are based on the above values for water as standards. 

It should be stated that the constants of our apparatus varied from 
time to time in an irregular and unexplained manner by one per cent. 
or more in much the same way as described by Bousfield’ in his 
researches. We therefore made it a point to determine its constants 
with water zmmediatcly before and after every series of measurements, 
If the constants were found to have changed by over 0.75 per cent. 
the measurement was discarded. The agreement was usually much 
better than this, in which case the mean values of the constants 
before and after the run were taken in the computation. 

A test of our apparatus and of the value of its constants was 
made on a one per cent. solution of sodium chloride. Two deter- 
minations at 22.8° C. gave for its viscosity 0.00962 and 0.00958 
respectively as compared with Hosking’s value 0.00959. The 
agreement is entirely satisfactory. 

Results. — In presenting the results of our work on viscosity we 
have found it-more convenient to consider the reciprocal of the vis- 
cosity or fluidity, as this quantity varies directly instead of recipro- 
cally with the temperature. We have therefore computed the value 
of F = 1/7 for each of the salts and salt mixtures and the results are 
tabulated in Tables XIX. to XXIV. and shown graphically on a 
reduced scale in Plot V. where the fluidities are plotted as ordinates 
and temperatures as abscissz. It will be seen that the best repre- 


'W. R. Bousfield, Zeit. fur phys. Chem., 57, 257, 1905. 
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sentative curves are in all cases straight lines ; that is, within the 
limits of experimental error (about I per cent.), the fluidity of fused 
sodium, potassium, lithium and silver nitrate is directly propor- 
tional to the temperature. Silver chlorate was not investigated on 
account of the danger of an explosion inthe nitrate bath. 
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Plot. V. 


In Tables XIXa to XXIVa are given the values of the fluidity 
interpolated from the original plots, at intervals of ten degrees. In 


TaBLe XIX. 
Fluidity of Sodium Nitrate. 





Temperature. | ye Hf ) Temperature. | F pee r ) 
337.0 | 39.4 385.2 | 50.2 
353.0 43.6 406.0 56.2 
356.0 © 43.8 495.0 75.7 


357.0 44.1 
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column three is given the value of the corresponding temperature 
coefficient multiplied by 10* for each interval, 7. ¢., 


I h,-F 


C.=v5 Rs: 
; (fF, + F;) 4-4 
at ¢ = }(4, + 4). 

Column four contains the value of the ratio of the specific con- 
ductance to the fluidity multiplied by 10°, 2. ¢., 10%«/F. 

In the fifth column we have computed the values of the fluidity 
F divided by the corresponding molecular volume ¢ of the liquid ; 


this we have denoted by / and called the molal fluidity. This 


TaBLe XIXa. 
Fluidity of Sodium Nitrate. 
yi F | Tem aaitane K Molal Temperature A 
Temperature. Interpolated | Coefficient, 10* py Fluidity, Coefficient F 
from Plot. 10* C. J=Fid. ro* GC’. 

340 40.4 53 278 0.900 49 56.0 
350 42.6 53 275 0.945 42 55.9 
360 44.9 | 50 272 ~=—s0.985 44 56.1 
370 47.2 48 268 1.03 48 55.9 
380 49.5 45 264 1.08 46 55.2 
390 51.8 42 260 1.13 44 54.5 
400 54.0 42 256 1.18 42 54.0 
410 56.4 253 1.23 53.4 

40 40 
420 58.7 39 250 1.28 38 53.0 
430 61.0 38 246 1.31 36 53.0 
440 63.3 37 242 1.36 36 52.2 
450 65.7 238 1.40 52.3 

34 35 
460 68.0 32 | 234 1.45 51.8 
480 72.5 32 
490 74.9 30 
500 77.2 

TABLE XX. 


Fluidity of Potassium Nitrate. 





Fluidity (/) 





Temperature. Fluidity (/) Temperature. 


Observed. Observed. 
347.0 35.8 418.0 52.9 
371.0 42.5 462.0 62.9 
377.0 43.5 506.0 74.4 


396.0 46.7 
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quantity is proportional to the number of mols of the fluid which in 
unit time pass through the viscosity apparatus, since its reciprocal 


1 ¢ 


yoyo 


is the product of the molecular volume and viscosity or in other 
words a quantity proportional to the time required for one molec- 
ular weight of the liquid to pass through the capillary. For pur- 
poses of comparison with the equivalent or molecular conductance 





TABLE X Xa. 


Fluidity of Potassium Nitrate. 























F m - « Ta- r 
"an erm F | Sar |e) 7 

340 36.1 178 0.666 52.3 

350 38.0 51 177 0.698 47 52.3 

360 40.1 54 175 0.736 53 52.2 

370 42.3 53 174 0.775 52 51.7 

380 44.5 51 172 0.810 42 52.2 

390 46.7 48 170 0.845 41 51.9 

400 48.8 “4 169 0.880 37 51.9 

410 51.1 43 167 0.923 38 51.6 

420 53.3 42 166 0.959 31 51.6 

430 55.6 41 165 0.989 33 51.9 

440 57.9 40 163 1.022 29 51.9 

450 60.2 39 162 1.062 34 51.9 

460 62.5 38 160 1.100 35 51.6 

470 64.8 37 159 1.139 35 51.6 

480 67.1 36 157 1.174 31 51.7 

490 69.4 35 156 1.207 28 51.5 

500 71.8 #4 155 1.243 29 51.4 

TaBLeE XXI. 
Fluidity of Lithium Nitrate. 

Temperature. ee ) Temperature. gf me A ) 
259.0 17.9 317.5 28.6 
269.0 | 19.6 319.0 28.7 
274.0 | 20.6 320.0 28.8 
284.0 22.2 344.0 34.0 
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TABLE XXIla. 
stemmed he Lithium Nitrate. 
Tempera- F Tem oe os Molal Tempera- A 
ao Peril setee| “F | Some eel 7 
250 16.3 484 42.3 71.8 
105 105 

260 18.1 90 468 46.8 88 69.7 

270 19.8 91 454 51.1 69 68.2 

280 21.7 80 441 55.8 6 66.7 

290 23.5 73 433 60.2 69 65.5 

300 25.3 73 425 64.5 73 65.0 

310 27.2 68 414 69.4 63.8 

320 29.1 62 

330 31.0 60 

340 32.9 56 

350 34.8 | 

TasBLE XXII. 
Fluidity of Silver Nitrate. 

Temperature. Fluidity (F 4 Temperature. Fluidity (F ) 
244.0 26.5 309.0 38.3 
265.5 30.5 342.0 43.5 
275.0 32.8 

TABLE XXIla. 
Fluidity of Silver Nitrate. 
fi ’ = neon <<: eee ing? — Tem era- | 
sense | A ture eff rot“ Fluidity, ture Coeffi- | = 
7 from Plot. an F S—= Fie. iar’ / 

230 uo | a 38 | 0557 | » | 57.2 

240 25.8 7 305 | ~—(0.598 71 56.7 

250 27.7 63 301 0.642 59 56.3 

260 29.5 59 298 0.681 | 56 56.3 

270 31.3 56 295 0.720 | 54 55.8 

280 33.1 53 292 0.760 49 55.5 

290 34.9 50 289 0.798 47 55.5 

300 36.7 yr 286 0.836 | ge 55.3 

310 38.5 43 283 0.873 43 54.8 

320 40.2 40 280 0.911 40 54.7 

330 42.0 42 277 0.952 37 54.3 

340 43.8 38 275 0.988 | 34 54.3 

54.3 


350 45.5 | 273 1.022 
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of the liquids, this function of the fluidity seems more rational to use 
than fluidity as ordinarily defined. 

In column six is given the value of the temperature coefficient 
of f for each ten-degree interval and in column seven the ratio of 
the equivalent (molecular also in the case of the univalent salts here 
investigated) conductance to the molal fluidity. 


TABLE XXIII. 
Fluidity of § Mols KNO, + 5 Mols NaNO,. 





Temperature. sow ro Temperature. eee ( (F ) 
328.0 38.5 370.0 47.8 
335.0 40.0 382.0 | 51.3 


337.3 | 40.2 468.0 70.5 


TABLE XXIIIa. 
Fluidity of § Mols KNO, + 5 Mols NaNO,. 


FInter- Tempera- | Molal | Tempera- | Molal 

















T ' : x | sas ffi- A Fluidity, -_, 
atore. | "from |" cient, | "x | Truldity. Men, 7 |rrcom| 7S 

Plot. tot Cy. rot’, puted. 
340 41.1 56 196 0.826 58 49.7 0.783 0.043 
350 43.5 50 199 0.875 46 49.4 0.822 0.053 
360 45.7 49 198 0.916 36 49.5 | 0.860 0.056 
370 48.0 47 196 0.949 52 49.7 0900 0.049 
380 50.3 45 194 1.000 | 38 Cd 49.3 | 0.945 0.055 
390 52.6 41 192 1.039 34—COd| 50.6 0.987. 0.052 
400 54.8 191 1.075 | 49.7 . 1.030 0.045 

43 | 4s | 
410 57.2 po 189 | 1.124 40. 487 | 1.076 0.048 
420 59.4 38 187 1.160 34 | 49.2 1.119 0.041 
430 61.7 37 185 1.200 31 =| 49.2 1.149 | 0.051 
440 64.0 35 183 | 1.238 31 |} 49.0 1.191 0.047 
450 66.3 181 | 1.277 49.1 | 1.231 0.046 
TABLE XXIV. 
Fluidity of 8 Mols KNO, 4+-2 Mols NaNO,. 
Temperature. banyan A Ay Temperature. ee oA 
345.0 38.9 369.5 44.5 
347.0 40.0 388.0 48.4 


441.0 61.4 
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TasLe XX1Va. 
Fluidity of 8 Mols KNO, 4-2 Mols NaNO,. 


F Interpo- _Tempera- Molal Tempera- 


Molal 


Tequre. | egg som | Reet, | Oe | Malate. | “See | 7 | wees |S” 
1o* C;, 10*C;’. puted. 

340 38.6 51 184 | 0.735 45 49.8 0.713 0.022 
350 40.6 55 183 0.769 50 50.2 0.747 0.022 
360 42.9 50 181 0.808 53 50.3, 0.786 0.022 
370 45.1 50 180 | 0.852 45 50.0 0.826 0.026 
380 47.4 46 179 0.891 40 50.0 0.864 0.027 
390 49.6 46 177 0.927 41 50.3, 0.892 0.025 
400 51.9 44 176 0.966 42 50.2 0.940 0.026 
410 54.2 39 174 1.007 40 50.3 0.984 0.023 
420 56.4 40 172 1.048 35 50.0 1.023 0.025 
430 58.7 38 171 1.085 32 49.8 1.053 0.032 
440 61.0 37 169 1120 | 3) 50.1 1.089 0.031 
450 63.3 37 168 1.156 | 50.3 1.129 0.027 
460 65.7 ' 


A consideration of the results on the pure salts contained in 
Tables XI Xa to XXIIa leads to the following conclusions : 

Comparing first the values of the temperature coefficients in 
column three with the values of the corresponding coefficients for 
specific conductance (see pp. 33-36) it will be seen that the rate of 
change of fluidity is greater than the change in conductance, 7. ¢., 
with increasing temperature the fluidity increases more rapidly than 
the specific conductance, and hence, as shown in column four, the 
ratio of «/F decreases with increasing temperature. This is the case 
with all four salts investigated. The decrease in the ratio is very 
marked, being 9, 10 and 13 per cent. for potassium, silver and so- 
dium nitrates, respectively, for 100 degrees increase in temperature. 
For lithium nitrate the ratio decreases over 12 per cent. for an in- 
crease in temperature of only 50 degrees. 

From this it follows that the specific conductance of fused salts is 
not strictly proportional to their fluidity. 

The only existing data with which these results can be compared 
are those obtained by Foussereau in 1885 and Kalmus in 1907. 
Both of these investigators determined their viscosities by Pousseu- 
ille’s method, and both investigated sodium and potassium nitrate. 
Our results are in excellent agreement with those obtained by 
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Kalmus, but fail utterly to confirm those obtained by Foussereau. 
His measurements must, we believe, have been subject to some large 
sources of error. 

That strict proportionality should obtain between the fluidity and 
specific conductance of fused salts seems to us a priori improbable. 
A more logical basis of comparison would seem to be between the 
corresponding molal properties of the salts in question. It was for 
this reason that we computed the values of the so-called molal flu- 
idity, / = //@, its temperature coefficient, and the ratio between it and 
the corresponding molecular conductance. The value of the molal 
fluidity / is itself a linear function of the temperature, since both 
and ¢ have been shown to vary directly with the temperature. 

Comparing the values of its temperature coefficient given in 
column six with the corresponding values of the temperature coeffi- 
cient of the equivalent conductance A (column six, Tables Xa to 
XII Ia) it will be seen that, while not identical, these agree very much 
closer in value than the coefficients compared above. This appears 
more evident from the values of the ratio 


A ~=molal conductance 
Ff molal fluidity — 


In the case of potassium nitrate the ratio may be regarded as con- 
stant when the magnitude of the experimental error resulting from 
the combined effect of errors in the viscosity, conductivity, density 
and temperature is considered. In fact, strict proportionality holds 
to within 2 per cent. over a range of 150°. 

In the case of sodium nitrate the proportionality does not appear 
to hold quite as rigidly, the ratio decreasing 6 per cent. per 100° rise 
in temperature (350° to 450°). For the same temperature interval 
the ratio «/F decreased 13 per cent. 

For lithium nitrate (to which much less weight should be attached 
them to the other salts studied), the ratio decreases from 71.8 at 
250° to 65.0 at 300° or g per cent. per 50 degrees, as against, how- 
ever, a 12 per cent. decrease in the ratio «/F. 

In the case of silver nitrate a very close proportionality obtains, 
the ratio decreasing from 56.3 at 250° to 54.3 at 355° or only 
3.5 per cent. over a range of 100°. 
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It would appear therefore that increasing the temperature increases 
the molecular conducting power of the fused salts studied in very 
nearly the same ratio as the molal fluidity. The latter appears to 
increase sli ,htly more rapidly however, this being most marked in 
the case of sodium and lithium nitrate. The significance of this on 
dissociation will be pointed out below. 

It should also be noted that the value of the ratio A/f is nearly 
the same for sodium, potassium and silver nitrates and their mix- 
tures, 7. ¢., 1/f = a constant for a group of similar salts. 

Tables XXIII to XXIVa contain the results obtained on two 
nitrate mixtures. The relations obtaining in the case of the pure 
salts are very strikingly evident here. The ratio of the specific con- 
ductance to the fluidity decreases in both cases, namely, by 9 per 
cent. per 100° for the equimolecular mixture and by 8 per cent. 
per 100° for the 8 mols KNO, + 2 mols NaNO, mixture. On the 
other hand the ratio of the equivalent conductance to the molal 
fluidity 4/f is practically constant over the entire range of tempera- 
tures investigated. The constancy of the ratio in these cases is in 
fact so marked that taken in conjunction with the results on the 
pure salts one is tempted to conclude that the relation in question 
is one which holds approximately true for fused salts in general. 
It is very desirable that this conclusion be further tested with addi- 
tional data on salts of different types. We are unable at present to 
test this relation on the results obtained by Kalmus on lead chloride, 
lead bromide, and potassium bichromate as data on the molecular 
volume of these salts are still wanting. 

One other interesting result is shown in the last two columns of 
Tables XXIIIa and XXIVa. From the molal fluidity of the com- 
ponents of the mixture the molal fluidity was computed by the 
mixture formula. These values are given in column eight, and in 
the last column, are given the differences between the observed 
and computed values. The observed fluidities are in all cases 
uniformly greater than the computed values. In the case of the equi- 
molecular mixture the difference is about 5 per cent., the mixture 
having a fluidity uniformly greater than that of the component of 
greater fluidity. In the cases of the 8:2 mixture the difference 
is less but uniform in magnitude. It appears therefore, that, in the 
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cases investigated, the state of aggregation is so changed as a result 
of the solution of one salt in the other that the fluidity of the mixture 
is increased. 

This is particularly interesting in view of the results previously 
obtained on the conductivity of the same mixtures. It was found, 
see p. 41, that the observed equivalent conductance of the mixtures 
was less than the computed value. Hence, if we assume as a first 
approximation, that the velocity of migration of ions in a given 
electrolyte is proportional to the fluidity of the medium through 
which they move, we have here additional evidence ' that the disso- 
ciation of two salts possessing a common ion is diminished as required 
by the law of mass action when they are mixed. 

If we assume that conduction in fused salts takes place in a simi- 
lar manner to conduction in solutions then 


A, = 7(u + 2), 


where 7 is the ionization constant of the salt and # and ~ are the 
ionic conductances. Both 7 and (# + v) are functions of the tem- 
perature. If we further assume that the ionic velocities in fused salts 
are proportional to the molal fluidity of the medium through which 
the ions move (which reflection will show is more likely to be true 
the higher the degree of dissociation), 2. ¢., if we may put 

(uw + v), = &4f, where & = constant, 


(Jom 


From this it would follow that a comparison of the ratio of A/f at 
two different temperatures would give an indication of the change of 
dissociation of the salt between these temperatures. From such a 
comparison it appears that an increase in the temperature of 100° 
or more has only a slight effect on the ionization of the fused salts 
investigated, its tendency being to diminish rather than increase the 
dissociation. The decrease in dissociation is very small or zero in 
the case of potassium nitrate and its mixtures with sodium nitrate ; 
for silver nitrate it is 4.2 per cent. per 100° ; for sodium nitrate 6.4 
per cent. per 100° ; for lithium nitrate 11 per cent. for 60°. 


then 


Goodwin, PHys. REV., 24, p. 77, 1907. 
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This result is not astonishing ; the recent accurate determinations 
of Noyes! on the ionization of Aigh/y dissociated salts at high tem- 
peratures in aqueous solution show that increasing the tempera- 
ture produces a very marked diminution in the dissociation of 
the dissolved salt. The ionization of slightly dissociated sub- 
stances like water, on the other hand, increases rapidly with increas- 
ing temperature. Our results lend decided weight therefore to the 
hypothesis of a high degree of dissociation in fused salts as main- 
tained by Lorenz.- Furthermore, the enormous increase in the con- 
ductivity of a salt at its melting point as it passes from the solid 
to the liquid state (an isothermal phenomenon) clearly points to 
some other factor than temperature as the cause to which its in- 
crease in value is to be chiefly ascribed. 

If the assumptions upon which the above conclusion is based 
prove to be valid we may further conclude that the above nitrates 
ionize in the fused state with evolution of heat. 


SUMMARY. 

The results of our investigation may be summarized as fol- 
lows : 

1. The density of fused sodium, potassium, lithium and silver 
nitrate and silver chlorate together with mixtures of sodium and po- 
tassium nitrate and of lithium nitrate and silver chlorate had been 
determined to 0.1 per cent. over a wide range of temperature. 

In all cases the density was found to be a linear function of the 
temperature to within a tenth of a per cent. Tables giving the spe- 
cific and molecular volume of the above salts for every ten degrees 
have been computed. 

2. The specific volume of mixtures of sodium and potassium 
nitrate containing 8 and 2, 5 and 5, and 2 and 8 mols of these salts 
respectively is greater than that computed from the specific volumes 
of the components, 2. ¢., the solution of one salt in another is accom- 
panied by an expansion. The magnitude of this expansion is small 
being a maximum, 0.5 per cent., for equimolecular mixtures. 

In the case of an equimolecular mixture of lithium nitrate and 
silver chlorate on the other hand a contraction of 20 per cent. 


occurs. 
1See Carnegie Institution Publications. 
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3. The specific conductance of the same salts and salt mixtures-has 
been determined over the same temperature interval as the density. 
The results show that, except in the case of lithium nitrate and silver 
chlorate which could be measured over only a limited range of tem- 
perature on account of their instability, the specific conductance is not 
strictly proportional to the temperature but increases less and less 
rapidly as the temperature rises. For the limited range of tempera- 
ture over which lithium nitrate, silver chlorate and their mixtures 
were studied, the specific conductance is proportional to the temper- 
ature. Tables have been computed giving the specific and equiv- 
alent conductance of each salt and mixture for every ten degrees 
as well as the temperature coefficient for each interval. The tem- 
perature coefficient is, generally speaking, less than one fifth as great 
as that for the corresponding aqueous solutions. 

4. A study of the computed values of the equivalent conductance 
shows that this quantity increases very nearly linearly with the 
temperature. The temperature coefficient decreases therefore with 
increasing temperature but at any given temperature is slightly 
greater than that of the specific conductance at the same temperature. 

5. The equivalent conductance of the mixtures of the sodium 
and potassium nitrate is less than that computed from the equiva- 
lent conductance of the components. This is most marked in the 
case of the equimolecular mixture where the difference reaches 
three per cent., an amount considerably greater than can be ac- 
counted for by experimental error. It tends to confirm the view 
that the effect of dissolving one nitrate in another is to decrease 
the dissociation. Our results do not confirm the conclusion drawn 
by Poincaré from similar experiments on the conductivity of mixed 
nitrates, namely, that the conductance of a mixture can be accu- 
rately calculated from that of the components by the mixture 
formula. 

6. In the case of an equimolecular mixture of lithium nitrate and 
silver chlorate the deviations between observed and computed values 
of the equivalent conductance are as much as 12 per cent., the com- 
puted values being as before the larger, indicating a metathesis 
between the components with corresponding change (decrease) of 
ionization. This mixture also showed a contraction in volume of 
16 per cent. 
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7. The fluidity or reciprocal of the absolute viscosity coefficient 
of the same series of fused salts was measured over the temperature 
interval in which their conductivity and density were studied. 

In all cases the fluidity was found to be directly proportional to 
the temperature. Its temperature Coefficient is in every case greater 
than the corresponding temperature coefficient of specific conduc- 
tance. 


8. The ratio 
specific conductance « 


fluidity a 
computed for every ten degrees, was found to decrease regularly 
without exception with increasing temperature. Foussereau’s law 
of the proportionality between these quantities is therefore not con- 
firmed. Our results are however in excellent agreement, so far as 
comparison is possible, with those of Lorenz and Kalmus. 

g. The value of 

fluidity F 
= molecular volume ~ ¢" 
which we have called molal fluidity, and its temperature coefficient 
for each ten degrees was also computed. The results show that 
the molal fluidity is directly proportional to the temperature. The 


ratio 
molal conductance 1 


molal fluidity ~ / 


has also been calculated for every ten degrees. This ratio is practi- 
cally a constant for potassium nitrate and mixtures of potassium and 
sodium nitrate over a range of temperature of more than 100°. In 
the case of sodium, lithium and silver nitrates the proportionality 
does not hold quite as rigidly ; the ratio decreases with increasing 
temperature by a few per cent., an amount however which we be- 
lieve cannot be attributed wholly to experimental error. The ratio 
is approximately a constant for the group of nitrates investigated. 
From this it appears, if proportionality between mobility of ions 
and fluidity be assumed, that increasing the temperature of the 
fused salts investigated has little effect on their ionization ; its ten- 
dency is to decrease rather than increase their electrolytic dissocia- 
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tion — analogous to its effect on salts in aqueous solutions raised to 
high temperatures under pressure as recently shown by Noyes. 
As this is characteristic of very highly dissociated substances our 
results lend weight to the view that a high rather than a low degree 
of ionization obtains in fused electrolytes. 

10. The molal fluidity of mixtures of sodium and potassium nitrate 
is greater than that computed from the components of the mixture. 
The difference is nearly constant for a given mixture, 7. ¢., inde- 
pendent of the temperature ; it is greatest for equimolecular mix- 
tures. As the equivalent conductance of these same mixtures was 
found to be less than the calculated values we have additional evi- 
dence that the effect of increased fluidity on the migration velocity 
of the ions is probably more than neutralized by a diminished dis- 
sociation of the mixed salts. 

11. The results of this investigation provide a more fundamental 
experimental basis for the further development of the theory of con- 
duction in fused salts than has been hitherto possible. Although 
the accumulation of these data is laborious as it involves three inde- 
pendent investigations on density, conductivity and viscosity, all of 
which are of more than ordinary difficulty if a precision better than 
a per cent. is desired, it is to be hoped that other contributions to 
this important and interesting field of electro-chemistry will be made 
in the near future. 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 

August, 1907. 
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THE CHANGE OF PHASE DUE TO THE PASSAGE OF 
ELECTRIC WAVES THROUGH THIN PLATES AND 
THE INDEX OF REFRACTION OF WATER FOR 
SUCH WAVES, WITH APPLICATIONS 
TO THE OPTICS OF THIN FILMS 
AND PRISMS. 


By Wo. R. BLarr. 


INTRODUCTION. 


ROFESSOR A. RIGHI in his Optik der Elektrische Schwin- 
gungen describes numerous experiments with short electric 
waves tending toward the proof of the analogy of these with light 
waves. The disturbance proceeding from a Righi exciter is anal- 
ogous to a plane polarized ray of white light, and the different wave- 
lengths, instead of being detected by their color, are known by the 
dimensions of the receiver which responds to them. Accurate 
measurements of these wave-lengths are made with either the 
grating or the interferometer. In addition to Righi’s work, 
Lampa’s experiments with grating and spectrometer,' Cole’s appli- 
cation of Fresnel’s formulz,’? Pierce’s measurement of indices of re- 
fraction by the interferometer method,’ etc., all seem to justify the 
assumption of the analogy above referred to and its use in extending 
our knowledge of optics as well as in the study of electric waves. 
The following experiments, upon which work has been in progress 
for the past two and one half years, and their discussion are in line 
with this assumption, and, as will be seen by the description of the 
apparatus, ingenious devices, used here in more or less modified 
form, have been borrowed from all of the experimenters named. 
There is fairly good agreement among the values found for the 
specific inductive capacity of water, except those by Drude,‘ in the 
determination of which he used about the same wave-length as that 
used in the following experiments, and those by Lampa' for wave- 
lengths of 4,6 and 8 mm. _ In both of these cases the values given 
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for the index of refraction increase with the decrease in the length 
of wave used, apparently indicating anomalous dispersion. Drude’s 
measurements were with waves on wires; Lampa used a 4° prism. 
Drude® has treated these results theoretically, adapting the theory 
of dispersion from Chapter V. of his text-book on the Theory of 
Optics. His explanation is not easy to accept when the extremely 
slow frequencies of even the shortest electric waves used compared 
with those of light waves are taken into consideration. 

In his work on the Indices of Refraction of Metals,® in which he 
uses thin metallic prisms, Professor A. Kundt passes the subject of 
variable change of phase with the remark that ‘If the refracting 
angles are correctly measured by reflection, the observations of 
deviation can hardly be falsified by variable change of phase.”’ 

All work in which optical methods are used on the thickness of 
thin liquid films has been done on the assumption that #, the index 
of refraction, as computed by the usual formulz is the same for any 
thickness of the dielectric. The assumption that » for a given wave- 
length does not vary with, the thickness of the plate is probably cor- 
rect, but since, as will be shown later, the change of phase is not a 
linear function of this thickness, other than the usual formulz must 
be employed for computing » from the experimental data. The 
experiment upon the paraffin plates was taken up with the hope of 
testing the existence of this ‘‘ variable change of phase,” but the 
apparent failure to get positive results led to the setting aside for the 
time of the problem. 

Although the results of Mr. Cole’s? attempt, in which he used 
electric waves of 5 cm. length, to get measurable effects through a 
plane parallel plate of water gave little hope of success, the object 
at first of the experiment with water was to determine its index of 
refraction ” by the interferometer method. The finding of different 
values of x, when computed by the usual formule, for different 
thicknesses of the plate led to further work, the additional purpose 
of which was a quantitative determination of the variable change o 
phase. 

ParT I. 

In the process of repeating some of the work already done with 

electric waves, a fairly reliable interferometer of essentially the form 
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used by G. Pierce,® of Harvard, was set up. Fig. 1 shows the 
arrangement of this interferometer. It will be noted that the 
receiver FX is influenced by the direct radiation from the gap G as 
well as by the parallel rays from the parabolic cylinder P, and by 
the energy reflected from the dielectric D as well as by that reflected 
from the plane mirror @. The direct radiation from G is a con- 
stant as is also the energy reflected from D provided its position 
remain unchanged during the experiment upon it. The wave-length 
used was 15.2 cm. An electrolytic inter- 

rupter of frequency above 2,000 was used a 
which, while it was not as constant as could ! 
be desired, gave steadier galvanometer de- Yj 
flections and considerably more energy than °6 R Yi Ms 
the ordinary vibrator. The plane mirror 17 
is movable parallel to itself. The galvano- 








SN 
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meter used was a four-coil instrument of the 


SQ 





Thomson type. Galvanometer readings are Fig. 1. 
taken for different positions of the mirror, 
which when plotted give a sinusoidal curve. The maxima and 
minima of this curve are due to the interference of the reflected with 
the incident radiation and the distance between any two minima is 
half a wave-length. The introduction of the dielectric D moves 
these maxima and minima up a distance depending upon its index 
of refraction and thickness. It is not always possible to recognize 
a given maximum or minimum after it has been displaced. This 
necessitates an assumption as to the number of half wave-lengths it 
has been moved up and consequently a previous rough determina- 
tion of the index of refraction. For work to which it is well adapted 
this apparatus is capable of duplicating results to one per cent. 
Conversation with Professor Millikan at this time (June, 1905) as 
to the possible uses to which this apparatus might be put, suggested 
among other things the problem of the change of phase due to thin 
films. This problem, it seemed, could easily be experimentally 
treated for electric waves of 15 or 20 cm. length, since the chief dif- 
ficulty of the optical treatment, 7. ¢., getting a sufficiently thin and 
uniform film of known thickness, disappears for this wave-length. 
Work was accordingly begun with paraffin as the dielectric. Pre- 
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vious work with a prism gave 1.47 for the index of refraction of 
paraffin. This value is the mean of five determinations, the highest 
of which is 1.48, the lowest 1.46. The prism had a refracting 
angle of 60°. Each face was 50 cm. wide by 20 cm. high. The 
same paraffin used in the prism was used in the interferometer ex- 
periment. 

Ten plane parallel plates of the order of 4/10 in thickness and a 
plane parallel block of thickness approximating a wave-length were 
made as follows : (1) Sufficient paraffin for all castings was melted 
in one vessel; (2) as soon as possible after pouring the molten 
paraffin into the form, it was immersed ina salt-ice-and-water freez- 
ing mixture; (3) using a plane surface, a straight edge, and a 
carpenter’s plane, the castings were made into plane parallel plates. 
The plates were large enough to extend 2 cm. each way beyond the 
opening of the parabolic cylinder. This opening was 30 by 31 cm. 
Their thicknesses in millimeters as measured by means of a pair of 
outside calipers was as follows : 


Plate No. Meas'd Separately. Meas'd Together. Means. 


1 8.0 . 
2 7.5 
3 7.9 
4 5.8 
—— a * Plt 1 7.3 
Totals nos. —5. 36.5 37.1 36.8 
6 7.5 
7 6.3 
8 6.5 
9 6.4 
hf a2 10 5.0 Dr 
Totals nos. 1-10. 68.2 69.4 68.8 
__ 63.6 — 4 63.6 


eck. _| 


These plates were mounted 1.25 cm. apart. Two measurements 
of the index of refraction were taken with ten plates, one with the 
first five and one with the block. The results are as follows: 


10 Plates, 1.55 
1.55 
5 Plates, 1.56 


Block, 1.50 
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Since the difference between these values and those obtained by the 
spectrometer method as well as that between the block and the 
plates might possibly be due to the fact that the thinner plates 
freeze under somewhat different conditions from the thicker, a 
change of phase could hardly be argued from this data alone. 

Further experiment with the same apparatus showed that a suffi- 
cient effect could be obtained through 4 cm. of water to determine 
its index of refraction, provided an assumption, x = 80, were made 
as to the number of half wave-lengths a given minimum in the curve 
showing the interference effect was moved up when the dielectric 
was put in place. 

In order to avoid the necessity of this assumption, a vessel was 
made of which one of the sides was movable parallel to itself by 
means of a screw of 11 threads per inch (2.3 per cm.). The plan 
was to move the plane mirror so as to keep the path of the waves 
in air constant and, by varying the path in water, to find the wave- 
length in water. The resulting interference curve was apparently 
quite irregular but could be qualitatively repeated. The position of 
its first maximum and minimum indicated a considerably shorter 
wave-length in water at I.1 and 2.1 22ds of an inch (1.3 and 2.4 
mm.) than that given by the assumption of 77 = 80 at 17°C. This 
variation could not be followed with certainty farther than the first 
maximum and minimum and that far only qualitatively on account 
of irregularities evidently due to other causes. A possible variation 
in the amount of the reflected energy with the thickness of the 
water plate suggested itself and made some other form of inter- 
ferometer desirable. 

On consideration of these results, Professor Michelson thought 
further pursuit of the experiment with more elaborate apparatus 
worth while, suggested the trial of other forms of interferometer, 
and advised that paraboloids instead of parabolic cylinders be used 
as reflectors. 

The apparatus decided upon was in the form of a Michelson inter- 
ferometer (Fig. 2). The collimating and focusing paraboloids, P, 
and /,, have each a focal length of 17.75 cm. and an opening of 
90 cm. in diameter. The screen SS’ for dividing the radiation is 
122 by 183 cm. in size and composed of parallel wires. To make 
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this screen a number 22 copper wire was thrown over the heads of 
tacks at the top and bottom of a wooden frame. After a few trials 
the wires were put 5 cm. apart. The movable plane mirror JZ, is 
a circle 122 cm. in diameter. It is mounted on parallel ways and 
moved by means of a screw of millimeter pitch and 131 cm. in 
length. On the other arm of the interferometer, an elliptical plane 
mirror. M/, 122 cm. wide and 173 cm. long, is set at an angle of 
45° with the vertical and throws the radiation down through the 
liquid dielectric to a horizontal reflector 17. All reflectors, except 
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Fig. 2. 





the horizontal ones on which zinc was used, are made of wood cov- 
ered with a heavy grade of tin foil, Care was taken in their con- 
struction to get them plane and to guard against warping. 

The path of the waves through this interferometer from gap to 
receiver is about 6 meters —so great that when the wave produc- 
ing and receiving apparatus which had given galvanometer throws 
as desired up to 30 cm. in the old interferometer was installed in 
this, the largest deflection obtainable at a meter distance in the 
maximum of the interference effect was 5 cm. While the energy 
furnished was sufficient to show the interference and measure the 
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wave-length, no effects at all could be obtained through water. 
After two or'three months of experimenting, the following apparatus 
and methods of manipulation were decided upon as satisfactory, the 
test being the duplication of results to, in most cases, one per cent., 
in others, more or less depending on the thickness of the dielectric 
used. 

The spark gap (Fig. 3) consists of two balls of aluminium, &, 
and #,, so mounted in a triangular frame that the space between 
them can be filled with oil and their distance apart adjusted to .05 
mm. or less if desired. The upper 
ball was mounted on a spindle so that 
it could be turned to a freshly polished 
place without changing its position. 
The lower one was put in a cup which 
in turn was fitted into the frame by 
means of threads of millimetes or half 
millimeter pitch depending on the 








diameter of the cup. This cup also 
contains the oil or other dielectric in 





which it is desired that the sparking 


Fig. 3. 


shall take place. It was found how- 

ever that the energy from a spark between freshly polished surfaces 
diminished quite perceptibly as the surface became worn, and that 
the spark from the surfaces made rough by sparking, while it was 
weaker, was a much more constant source of energy. Had it not 
been for the great number of readings, about 20,000 in all, required 
by the experiment, the rotation of the balls would not have been 
necessary. 

To adjust the gap the balls were set at some distance apart, say 
2mm. and then moved closer together a given fraction of a milli- 
meter at a time, galvanometer readings being taken at each point. 
From a plot of the relation between the width of the gap and the 
energy given out by it, the best width was easily determined. This 
width was found to vary with the shape of the electrodes producing 
a given wave-length. For the electrodes used in this experiment, 
it was found to be about one millimeter. A gap intended for long 
use was set at a width slightly below that giving the maximum 
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amount of energy. During the taking of readings for the above 
curve, the plane mirrors were equidistant from the screen and the 
width of the gap was the only thing about the interferometer which 
was varied. Vaseline oil was used. The three sizes of balls used 
were 2, 4 and 8 cm. in diameter. The circuit formed by the two 
balls about the oil gap was connected by means of two air gaps, 
each about 7 or 8 mm. wide, with the half inch balls forming the 
terminals of the secondary circuit of a sort of Tesla coil, which in 
turn worked on the secondary of a 14-inch induction coil. 

The primary of the Tesla coil consisted of 37 turns of bare number 
14 copper wire wound on a glass tube 7.5 cm. in diameter and 25 
cm. long. A sliding contact was used to vary the induction in this 
circuit and any desired capacity could be introduced. Any suit- 
able secondary circuit could be slipped inside of this primary. 
The secondary used consisted of 22 meters of number Ig bell wire 
wound in a single layer on a glass tube 6 cm. in diameter and 27 
cm. long. The connecting wires made this circuit 25 meters in 
length. For connections see Fig. 2 in which 6 and 0’ are the wires 
coming from the secondary of the induction coil. A current of air 
was passed through each of the three air gaps, made necessary by 
these connections, after each reading in preparation for the next. 
This put the gaps in the same condition before each reading and 
added materially to the constancy of the throws for any given posi- 
tion of the plane mirrors. Two Leyden jars and 15 turns of the 
primary were used for the 25 meter secondary. 

A mercury turbine interrupter run at a frequency of 50 was used 
in the primary of the induction coil. The ;4; H.P. motor running 
this interrupter was kept well oiled, and ran on a 110-volt circuit 
which rarely varied by more than a volt during any set of readings. 
To secure this constancy of voltage, readings had to be taken be- 
tween 1:00 and 5:00 A. M., 7. ¢., at the time when there was no 
variable load on the generator supplying the current. Conditions 
were also much better at this time for satisfactory use of the galva- 
nometer, the earth’s field being almost entirely free from disturb- 
ance and the building from vibration. The interrupter itself was 
frequently cleaned to prevent the possibility of poor contacts due to 
deposits of either carbon or oxide of mercury on the terminals of 
the primary inside the interrupter. 
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The primary of the induction coil was further interrupted at D 
by a pendulum 410 cm. long. This pendulum struck a trigger 
which put the make and break under control of a spring, insuring 
not only the same sort of make and break but the same length of 
contact for each reading of the galvanometer. Experiment with 
different times and sorts of contacts showed the necessity of such a 
device as the above and results amply justify its use. 

It was thought that preventing the direct radiation from the gap 
from entering the interferometer added somewhat to the symmetry of 
the interference curve. This was done by means of a spherical 
mirror large enough to extend 2 or 3 cm. beyond the gap circuit, 
and so placed as to have the gap at its focus. 

The dividing screen was made adjustable as follows: Number 
28 copper wires were fastened at regular intervals to a helical brass 
wire spring which was slipped over a brass tube. Varying the ten- 
sion on the spring varied the distance apart of the wires. Each 
wire is stretched and kept in position by a lead bullet cast on its 
lower end. A curve is plotted representing the relation between 
the distinctness of the interference and the distance apart of the 
screen wires. The distinctness of interference is found by taking 
the difference between the galvanometer throw at a given maximum 
and that at the adjacent minimum. The point of maximum distinct- 
ness can in this way be determined and the wires set accordingly. 
The distance apart of the wires in this experiment was from 6 to 
7 cm. 

Two receivers were used, one of which &, was so placed as to 
receive the direct radiation from the gap; the other X, the radiation 
after the interference has taken place. These were ’ 
thermal receivers of the Klemincic type and like those x 
used by Mr. Cole.’ Fig. 4 shows the construction 
of a receiver. G and G’ connect with the galvano- ¢ ¢ 
meter. AH is the thermal junction. The wires used 
for the thermal junction were iron and constantan and X, 
had a diameter of .oo1 inch. Round wires of this 
size could not be obtained from any of the several 
comp nnies applied to for them, consequently the wires were ground 
down fron 3 mill wires. An apparatus for this purpose was con- 


Fig. 4. 
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structed which stretched the wire and rotated it at a desired speed. 
The wire was reduced by the application of fine emery paper. 
Receivers made from these wires were thought to be more sensitive 
than those constructed from wires having elliptical sections of the 
same area. No quantitative test however of this point was made. 

X and X’, Fig. 4, are copper cylinders which may be slipped off 
and on the electrodes of the receiver and serve for its tuning. The 
method of tuning is that described by Mr. Cole.’ A curve is plotted 
of readings taken for different lengths over all of the receiver. This 
curve has but one maximum and it corresponds to that length of 
receiver best adapted to the gap. Considerable importance attaches 
to careful tuning if distinct interference effects are desired. 

R, and &, are connected to the same galvanometer so as to op- 
pose each other. The amount of energy received by A, may be 
varied at will by varying its distance from the gap or by changing 
its dimensions. It is so adjusted that the galvanometer system 
swings as far to the right at a given minimum due to interference as 
it does to the left at the succeeding maximum. Several important 
results are accomplished by this arrangement. Instead of throws 
varying from I or 2 cm. at the minima to 25 or 30 at the maxima, 
throws of — 5 or —6cm. at the minima and +5 or + 6 at the 
maxima are obtained. A curve plotted from readings of the first 
sort has a nonsymmetrical appearance, the maxima being sharper 
and less regular than the minima while for the second sort a smooth 
sinusoidal curve is obtained in which maxima and minima have the 
same shape and are alike easily determined. The interference curve 
is plotted with reference to the line representing the direct radiation 
from the gap, in this way eliminating to a considerable extent irregu- 
larities in the readings due to small variations in the amount of this 
energy. The extent of a given galvanometer throw is so reduced 
as to be within the limits for which the throw is proportional to the 
steady deflection without a sacrifice of distinctness in the resulting 
plot of these throws. 

The galvanometer is so adjusted that a throw takes place in a 
little less than the time of contact as controlled by the pendulum 
(about 2 seconds), and throws rather than permanent deflections are 
read because they can: be taken more rapidly and with less wear of 
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the gap. In order to reduce these throws to permanent deflections 
for purposes of comparison, it was planned to determine empirically 
a plot of the relation existing between a series of throws from o up 
to 25 or 30 cm. and their corresponding deflections. This was done 
by means of a dry cell and variable resistance in circuit with the 
galvanometer and the pendulum make and break. The ratio of the 
permanent deflection to the throw remained constant for wider 
limits than had been anticipated so that the use of two receivers as 
described above obviated the necessity of the reduction. The ratio 
for the galvanometer used was .66. Care was taken in the dis- 
position of coils and lead wires that their magnetic fields should not 
affect the earth’s field at the galvanometer. 

Preliminary experiment with the trough for containing the dielec- 
tric showed that wood, beeswax and glass reflected enough energy 
to give quite distinct interference, 7. ¢., their effects could not be 
neglected in comparison with water or metals and had to be elim- 
inated. It also appeared that the reflection from a thin plate of 
water varies with its thickness, being greatest at 4 4 where / is the 
wave-length in water assuming 
n = 8.92; and that on account 
of variation in the amount of 
energy transmitted by such a 
plate with its thickness, the 
water-beeswax, water-glass, 
etc., surfaces gave varying re- 
flections. 

Elimination of these variable 
effects was accomplished by the 





construction of a glass trough 
and mirrors arranged as shown 
in Fig. 5, which is a cross-sec- 
tion of the reflectors on this 
arm of the interferometer. J/, 








is the elliptical mirror placed a 
lg. o. 
at an angle of 45° to the hori- . 
zontal. 7Z is the glass trough 116.75 by 116.70 cm., an almost 


square bottom, and 10 cm. deep, sides being at right angles to the 
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bottom. The bottom of the trough is of selected half inch plate 
glass, special attention being given to uniformity of thickness and 
planeness of surface. The sides are of quarter inch glass, also 
selected plate. The frame / on which the trough rests is mounted 
on three leveling screws so that, using a delicate level, a suffi- 
ciently horizontal surface could be obtained on which to spread uni- 
form plates of the dielectric. The amount of water required for a 
plate of given thickness was determined to more than the required 
accuracy by weighing. The J/,'s are the horizontal reflectors—planes 
of wood each about 60 by 120 cm., covered with sheet zinc and 
hinged so that they can be dropped out of the path of the radiation 
if desired. 

The bottom of the trough is 81 cm. from the floor — far enough 
so that no interference effect could be obtained from the floor within 


——— — 4 Ye i 








oe 


Fig. 6. 





the range of the effects being studied. This is easily seen if we con- 
sider a characteristic curve of interference (Fig. 6). The highest 
maximum occurs when the plane mirrors are equidistant from the 
screen. Four distinct maxima and as many minima may be located 
on either side of this maximum. Beyond this the effects become 
less distinct and the curve approaches a straight line. Now (since 
the distance between two neighboring maxima is 4/2) for 4 = 20 
cm. the maximum effect due to reflection from the floor would occur 
at a distance of 20 maxima farther out than the maximum effects 
due to reflections from the horizontal mirrors. . 

In what follows the phase change will be defined as the total dis- 
placement of a given maximum or minimum of the above curve due 
to the introduction of the dielectric into the path of the radiation. 
This has heretofore been, in all work with prisms and on the measure- 
ment of thin films, assumed to be a linear function of the thickness 
of the dielectric. 
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The method of determining the change of phase due to a given 
thickness of the dielectric is as follows : (1) Determine the position 
of the maxima and minima on the interference curve before intro- 
ducing the dielectric. This requires two sets of readings. The first 
is taken with the horizontal mirrors in position. In this case the 
interference is due to reflection of energy from three surfaces — the 
upper and lower glass surfaces and the zinc surface. The hori- 
zontal mirrors are swung down and the second set of readings 


~ TABLE I. 
Throws from H,O, Throws from H,O, 

Pos,| Cinesand Metals). | “end Ginesish  |c110):| ane | aoa | Gene 
- Change. 
In. Out. | Mean. In. | Out. Mean. ata. Min. 

49 |-19.0 —18.8|-189 —40 —40 —40 —149 no 

50 |-41.8 —37.5|—39.6 —32.0 —28.0 —30.0 — 9.6 H,O 

51 —58.8 —56.0|—57.4 57.0 —63.0 -60.0 2.6 in 

52 |-59.8 —53.0 —S64 —69.0 —86.0'-77.5 21.1 Trough. 

53 |—55.5 —51.2 —53.3 -82.0 -665\-742 209 52.7 428 9.9 


54  —44.0 —34.0 —39.0 —52.0 —46.0 -—49.0 10.0 
55 |—30.0 —29.5 |—29.7 -23.0 —25.0 —24.0 — 5.7 
56 |—20.5 —25.2 | —22.8 — 20:— 38 — 29| —19.9 
57 | —29.2 _—23.5 | —26.3 7.0 10.0 85 —34.8 


58 | —30.5 —32.0' —-31.2 — 30|— 2.2,—26 -286 57.5 | 47.6 9.9 
59 |—35.5 -32.0 —33.7 —24.0|—17.8 —20.9 ~12.8 
60 | —37.0 —35.9 | —36.4 —36.0 —37.5 —36.7 3 
61 | —37.0 —33.8 —35.4 —52.0 —58.8 —55.4 20.0 
62 |—40.0 —38.5 —39.2 —72.5 —68.0 —-70.0 310 624 52.4 10.0 


63 |—40.0 —41.0 —40.5 —51.2 -58.0 —546 14.1 
64 —31.8 —33.2 —32.5 —41.5 —40.0 —40.7 8.2 
65 |—32.0 —34.0 —33.0 —27.6|—-23.7 -—25.6 — 7.4 
66 —39.5 —40.2 —39.8 —16.0 —10.0 —13.0 —268 
67 —36.5 —40.5|—38.5 —16.0 — 7.2 -116 -—269 67.2 57.2 10.0 
68 —43.0 —38.0|—40.5 —16.0/— 6.7 —113 —29.2 
69 —36.8 —37.5|—37.1 —24.5|—17.0 —20.7 —16.4 
70 —31.5 —31.0|-31.2 —37.5 —30.0 —33.7 2.5 
71 |—36.2 —34.5|-35.3 -40.5 —46.0 -43.2 7.9 
72 —38.0 —35.5|—36.7 —52.0 -60.0 —560 193 721 619 10.2 
73 |—33.0 —30.5|—31.7 —48.0 —40.0 -44.0 123 
74 |—34.5 —318|—33.1 —39.0 —34.0 —36.5 3.4 
75 |—32.8 —40.0|-36.4 —28.0 -25.5 —26.7 — 9.7 
76 | —33.0 | —41.0| —37.0 —25.0 —15.0 —20.0 —17.0 
77 |—40.0' 44.0 —42.0 —20.0 — 9.0 —145 -27.5 
| | 1.2)10.00 
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taken. 
upper and lower glass surfaces. 


This set shows interference due to reflection from’ the 
Subtracting this second set from 
the first gives the position of maxima and minima due to reflection 





from the zinc surface alone. 


These positions are determined by 


making a plot of the differences. 


(2) Introduce a known thickness 


of the dielectric and proceed as above. 


This time the first set of 


readings contains the four elements — reflection from the water sur- 
face, the water-glass surface, the lower glass surface and the metal. 
The second set contains the first three of these elements, and as 
before subtraction of the second set from the first gives the inter- 
ference effect due to the energy which has traversed the dielectric 
to and from the zinc mirror. The maxima and minima are located 
as before. The phase change is the mean distance between the two 
sets of positions thus determined. 

In this experiment five points were determined for each thickness 
of the dielectric — the principal maximum and one maximum and a 
minimum on either side of it. A set of readings is taken as the 
movable mirror is moved in and out, 7. ¢., toward and away from 
the screen, through a sufficient distance for the determination of the 
five positions referred to above. Readings are taken a centimeter 
apart for a wave-length of 20 cm. more or less for longer or shorter 


waves. A sample determination of the phase change is shown in 








Table I. The water-plate is 12 mm. thick and 4 = Ig cm. in air. 
TABLE II. 
Thickness of Plate in Mm. 1 2 3 4 5 6 7 
nee Cana 16.0 16.2 134 91 , 82 7.2 60 
____ Thickness of Plate 
Thickness of Plate in Mm. 8 9 10 II 12 13 14 
ann ane Connge 6.62 7.10 7.62 8.14 8.33 860 8.60 
RA: eet” Sh CN NRE Tati Seana: Caen 
Thickness of Plate in Mm. 15 16 17 18 19 20 ar 
_Phese Change | 8.10 7.87 7.82 7.69 7.68 7.72 7.85 
Thickness of Plate fy Mage wv | ay 
Thickness of Plate in Mm. 22 23.85 26.5 29.15 31.8 34-45 
Fhese Change 8.10 8.31 8.03 7.77 7.98 8.07 


Thickness of Plate 
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Such determinations as the above were made on plates of water 
of thicknesses varying a millimeter at a time up to 22 mm. and 
from there varying 2.65 mm. at a time up to 34.45 mm., 
wave-length of 19 cm. The following are the results of these 


with a 


determinations : 

Fig. 7 shows a plot of these results, the ordinates being the phase 
change per unit thickness of plate, the abscisse the thickness of 
the plate. 

It is found that the mean curve crosses the ordinates, ¢ = 5.3, 
10.6, 15.9, 21.2, etc., at about f= 7.92. The relation of the index 
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Fig. 7. 


of refraction x to the phase change per unit thickness of the plate 
p is given by 

u=p+i 
Let ¢ be the thickness of the 
water plate, 7 the index of refraction, d, the distance from the 


and may be deduced as follows 


screen to the fixed mirror, and d, the distance from the screen to 


Then 


the movable mirror. 
d,—t+nt=d, 
(x — 1)t=d,—d, 
d,—d, _ 
t 
n=pt+i. 


ra—1i= 
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Taking 8.92 as the index of refraction of water and computing the 

wave-length in water from a mean of its determinations in air, 19.1, 

it is found that the ordinates, ¢ = 5.3, etc., occur at the quarter 
wave-lengths. 

Since the phase curve continually approaches the straight line, 

p = 7.92, 8.92 may be taken as the index of refraction of water for 

thicknesses such that the variation in / is negligible compared 

with the errors of experiment. At 3.445 cm. or 13//8 thickness 

of the water plate this variation was found to be but little more 

than the error to which this work is liable. All measurements 

were made on distilled water at a temperature of about 19°C. No 

corrections have been made for temperature and variations of }° 

or less from this most con- 

*\ venient point have been 

\ disregarded. Values of x 

*% and X (the specific induc- 

\ tive capacity) for water are 

\ usually given for a tempera- 

\ ture of 17° C. According 

| to the determinations by 

Heerwagen* also by Drude,* 

| the correction to be applied 

/ for 2 degrees (amounting to 

about one per cent.) brings 

4 the result of this determi- 

/ nation to A= 80.4 at 17°C. 

P If the points in Fig. 7 be 

id correctly located, it ought 

aii to be possible to construct 

a prism such that two or 





> 








Fig. 8. oh 
' more angles of deviation 


could be obtained from it by using that part of the prism of thick- 
ness 2 mm. to 7 mm. for one determination, 7 mm. to 13 mm. for 
another, etc., in a spectrometer suitable for this wave-length. 

Such a spectrometer was set up (Fig. 8). Two like parabolic 
cylinders were used for collimating and focusing the rays. The 
slit afforded by one of these cylinders was 43 cm. wide and 52 cm. 
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long. In the experiment this width was cut down to 35 cm. and 
the height to suit the depth of the water in the prism in order that 
all radiation reaching the focusing cylinder must first pass through 
the prism. This latter cylinder was attached to an arm pivoted 
directly below the prism and carried an index which moved over 
the circumference of a circle of radius 79.2 cm. drawn about the 
pivot as a center. The prism was 1.3 cm. thick at a distance of 
90.3 cm. from the refracting angle which, computed from these 
dimensions, was about .83°. It was mounted with the face next 
the collimator perpendicular to the direction of the rays and so 
that, keeping this face in the same plane, it could be easily moved 
backward or forward. 

Readings were taken as follows: With the empty prism, the 
focusing cylinder was moved through as large an angle as the 
mounting would permit (140°) in search of diffraction effects — 
none was found. The single maximum was noted. The prism was 
then filled with water and the maxima taken; one when the radia- 
tion passed through that part of the prism between the points of 2 
mm. and 7 mm. thickness and the other between the points of 7 mm. 
and 13 mm. thickness. In the determination of these maxima, 
arbitrary divisions were marked on the circumference along which 
the focusing cylinder moved and the maxima located in terms of 
these divisions. The maxima were found at 10, 11 and 14, respec- 
tively. Measuring the divisions gave the following distances — 10 
to 11, 26mm.; 10 to 14, 106 mm. These distances correspond to 
1.9° and 7.7° respectively —the two angles of deviation obtained 
from the same prism. 

A computation of the angle of deviation on the assumption of a 
uniform change of phase and the index of refraction found above 
give 6.6°. The error in the above determination does not exceed 30’ 
and arises from a lack of sharpness in the maxima. In the work 
with the paraffin prism the maximum could be found much more 
accurately. 

These results seem to agree well with those given by the inter- 
ferometer experiment. 

To insure accuracy in the location of the points determining the 
phase curve, it is necessary among other things that the flow of 
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energy from the gap be kept constant only during the taking of each 
set of readings. Constancy of this factor throughout the entire de- 
termination of the curve could not be so nearly realized. It was, 
however, sufficiently realized to give, in a general way, the relation 
between the thickness of the water plate and the amount of energy 
transmitted by it. The lower set of points (Fig. 9) is determined 
from the curve showing the interference effects due to the trans- 
mitted energy. These points have for ordinates the differences in 
height between the principal maximum and the minima on either 
side of it, and for abscissz the thicknesses of the water plate used. 
It is obvious that since the energy has traversed the plate twice, the 
square roots of these ordinates, taking that for the plate of zero 


w 


~— *|  & 


» &@hrw& & 


x 














Fig. 9. 


thickness to be unity, gives the ordinates of the points on the curve 
showing the desired relation. This last operation is an approxima- 
tion, depending on how nearly alike a water-air surface is to a water- 
glass surface in its reflecting power. As stated above, this curve is 
only a rough approximation compared to the phase curve, the de- 
termination of which was the prime object of the experiment. 

It will be seen from this curve of energy transmission that minima 
occur at the odd quarter wave-lengths and maxima at the even, and 
that both maxima and minima decrease with the increasing thick- 
ness of the plate. The curve is introduced here to show at what 
points the phase curve is most reliably determined. Where the 
transmission is least, the maxima and minima of interference effects 
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are not so well defined. Since the quantity » to be determined 
is the phase*change divided by the thickness of the plate, this lack 
of definition is productive of error in the numerator of the fraction. 
The error in / is also larger when the denominator of the fraction 
is small. Consequently the points for thicknesses of from 1 to 7 
mm. are the least accurately determined. From g mm. out the 
error is not more than I percent. This isof course assuming that 
no error is occasioned by accident, such as a slight dislocation of a 
reflector, or a change of level of the trough, which might pass un- 
noticed during a set of readings. Precautions were taken against 
such errors and while it is possible, it is not probable, that any 
occurred. An error of this sort would affect the location of usually 
one point only, never more than two, since the apparatus was in- 
spected every day and the determination of one point, sometimes 
two, was all that could be accomplished in that part of the day in 
which conditions were favorable for taking readings. 

Readings have already been taken with wave-lengths of 13 and 
35 cm. which do not give accurate quantitative results because of 
unsatisfactory conditions arising from the necessity of heating the 
building. The variations of heat and pressure in the steam pipes 
interfered with the galvanometer and the temperature changes in 
the dielectric were too great to be neglected. These readings how- 
ever give, for both longer and shorter wave-lengths, the same sort 
of curve as described above and apparently point to no change in 
the value of ~ in this range of wave-length. 

Following out the amount of energy reflected from the water 
surfaces, it is found as was to have been expected that the maxima 
of reflection occur at the same points as the minima of transmission 
and vice versa. The maximum at 4/4 thickness of the plate is very 
pronounced, that at 34/4 much weaker. It is not probable that 
there is any variation in the energy reflected from the upper surface 
of the water, but at the odd quarter wave-lengths this is reénforced 
by the energy reflected from the water-glass surface while at the 
half wave-lengths it is cut down by interference. The variation in 
the amount of transmitted energy has a similar explanation. 

The results of these experiments may be briefly summarized as 


follows : 
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1. The variation in intensity of both the transmitted and reflected 
energy is observed to be in accord with the formulz developed for 
similar optical effects. These formule are found in the texts on 
optics. 

2. The index of refraction of water as determined is 8.92, no 
indication being given of the anomalous dispersion found by Drude**® 
in the vicinity of the frequency, 1.5 x 10.° 

3. The change of phase per unit thickness of the dielectric due 
to the passage of electric waves through thin plates is not a constant 
for varying thickness of the plate but, when plotted, is a curve 
crossing the line, / = 7.92, at the quarter wave-length points and 
having decreasing maxima and minima, the slope at the odd quarters 
being negative, that at the even being positive. This is clearly 
shown by the experiment upon water and, if the paraffin in the 
prism and’ plates have the same index of refraction, by the experi- 
ment upon paraffin. 

4. This variable change of phase manifests itself, in the work 
with the thin prism, as an apparent variation in the thickness of the 
prism and consequent variation of its refracting angle for different 
actual thicknesses. This seems to render unreliable all determina- - 
tions of indices of refraction made with thin prisms, including the work 
of Kundt on metals and that of Lampaon water. The data obtained 
by these experimenters is not available for other interpretation than 
that put upon it by them unless it be known at just what thickness 
of the prism their observations were made, in addition to the data 
usually taken in spectrometer experiments. 

This experimental work was completed at the Ryerson Physical 
Laboratory, December 17, 1906. Theoretical considerations, the 
result of further study of the above data in connection with the 
author’s work at Mount Weather, Va., follow in Part II. 


Part II. 


The subject of refraction and reflection of light at the boundary 
plane between two transparent substances having different indices 
of refraction has been simply treated by Stokes, who used the prin- 
ciple of reversibility, and more elaborately by Fresnel, who follows 
the changes undergone by the components of the amplitude in and 
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perpendicular to the plane of incidence. These treatments are 


found in the texts on optics. Fresnel’s value for that component 
of the amplitude of the reflected ray which is normal to the plane 
of incidence is given by 


Kon sls 
"sin (¢ + 7) 
and for the component in the plane of incidence 
hud ee 
P ? tan (¢ + 7) 


where A, and A, are the amplitudes of the respective components 
of the incident ray and z and r are the angles of incidence and 
refraction. 7 and 7 are connected by the relation, 


sin? =” sin r, 


n being the index of refraction between the two media which, in this 
discussion, is taken so that its value is greaterthan one. If z andr 
are sufficiently small angles, their sines may be replaced by ur and 
yr and their cosines by 1. Making these changes in the formula 
gives 

n— I 


_— "m+ 

and 
oe ane 
P Pu-+i 


the values of the amplitudes of the two components for perpendicu- 
lar incidence. 

If the angles r and ¢ are interchanged in these equations, XR, and 
R, change sign but not numerical value, indicating, as does Stokes’ 
treatment of the subject, that, on reversal of the ray, the same frac- 
tion of the light is reflected ; but that, if in either case there is no 
change of phase at reflection, inthe other there is a change of phase 
of z. Fresnel’s equations further show on which side of the bound- 
ary plane this change of phase occurs for given values of z and n. 
That &, is always negative for x > 1 shows a change of phase of = 
in this component of the reflected ray for all angles of incidence ; 
that R, is positive taken together with its reversal of direction 
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shows the same thing for values of ¢ and x such that 7+ 7r<7/2. 
Ati+r=7/2, the sign of X, changes, indicating no change of 
phase in the reflected ray for 7+7> 7/2. It follows that were 
light incident upon the other side of the boundary plane at such 
angles that 2+ > z/2, there would be a change of phase of = in 
that component of the reflected ray lying in the plane of incidence. 
The squares of X, and X&, give the intensities of these components 
at whatever value of 7 and their sum is the intensity of the reflected 
ray, while, in accord with the principle of the conservation of 
energy, the intensity of the light less this sum is the intensity of the 
light passing through the boundary plane. For values of x large, 
if be taken so that it is greater than one, or small, if taken the 
other way, the amount of light reflected at the boundary plane is 
large while the amount transmitted is small and vice versa. 

Fresnel’s equations have been tested by experiment and very 
closely represent observed facts. The largest disagreement of 
observation with theory occurs at the polarizing angle. The 
change of phase here is not abrupt as the theory indicates, but, 
while sharp, is continuous, especially if substances having high 
indices of refraction be used. Surface films have been shown to 
account in part but not altogether for the disagreement. In testing 
these formule light waves have been used almost altogether. 
However, assuming their validity for electric waves of 5 cm. length, 
Mr. Cole has obtained apparently good values for the indices of 
refraction of water and alcohol, measurements being made of the 
energy reflected from the surfaces of these liquids. 

Using the above well known facts, it is proposed to explain the 
experimentally determined phase curve described in Part I. of this 
paper, and related phenomena. The curves of transmission and 
reflection mentioned in Part I. are incidentally explained. 

Fig. 10 represents a cross-section of a film of variable thickness 
z and having a specific inductive capacity X,. It is bounded above 
and below by dielectrics having specific inductive capacities A, and 
K,as shown. 4, is put into the formula because it nearly always 
happens that the thin film must be supported by a plate of some 
other dielectric, which influences considerably the internal reflection 
of the film. The problem is to determine the phase and intensity 
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of the light transmitted by such a film compared with that incident 
upon its upper surface. Since if there is a change of phase accom- 
panying internal reflection at the boundary planes of this film, it is 
equal to z, and since, in considering the effect of multiple internal 
reflections upon either the reflected or transmitted light, two such 
reflections always occur between the passages of light through a 
given boundary plane, the total change of phase, not depending on 

















Fig. 10. 


z, occurring before the reflected ray returns to the boundary plane 
in question, is either 27 or zero, and no account need be taken of 
it in this discussion. For this and the further reason that in order 
to apply Fresnel’s equations the amplitude of the incident ray must 
be resolved into its components in and perpendicular to the plane 
of incidence, there is no loss of generality in what follows if we 
consider a simple electromagnetic disturbance of the form, 


zt 
SawAdn lox +0) 
Sl r 


in either of these planes incident at 4. No account need be taken 
of which of the two planes the disturbance is in and the formulz 
deduced will be subject to treatment by either the equation for 2, 
or for X,, such treatment however giving results peculiar to the 
plane of the polarized ray, of which the plane of vibration is indi- 
cated by the subscript in the equation used. 
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Let @ be the amplitude of the ray incident at A, then ae, will be 
the amplitude of the reflected ray at A and a(1 — ¢,)!, the ampli- 
tude of the refracted ray, where ¢, is a fraction of value depending 
on KX, and X,. Now if a be the coefficient of transmission and t 
the distance AB = z/cos r through the film of thickness measured 
in wave-lengths in the film, then aa’(1 — ¢,*)! will be the ampli- 
tude of the ray under consideration when it reaches 2, and 
aa"(1 — ¢,*)(1— e,”)!, the amplitude of the refracted ray at B. Super- 
posed upon this will be rays of'amplitudes, 


aare.e (1 = ey KI ™ ey), aae*e,( on 6, )K = é,') 


etc., due to rays incident on the upper surface at C, £, etc. ¢,isa 
fraction of value depending on A, and &,._ If the disturbance inci- 
dent at A be represented by S,’ =a sin 2774/7, that incident at 
C will be represented by S,’ = asin 2z(¢/7 + 27 sin’ r), at E by 
S,’ =a sin 2x(¢/7 + 47 sin’ r), etc., 27 sin? ry being the distance 4A” 
in the unit above chosen. It follows therefore that the ray BA’ is 
given by 


pil e » 7 t aon al 
S, = 4, {sin a (7 ‘)+a sin an (7 [3t — 2t sin’ r]) 


+ ae %e,? sin 2x(>- [5*—47 sin? r)) +. b=, sin a a) 


in which . 
A, cos 6,=a/ {cos 6+.a°"e,¢, cos (30—2¢)+a*e,7e,? cos (50—4¢)+---} 
and 

A, sin 6,=a/ {sin 0+<a°e,e, sin(3@ —2¢)+a*e,7e,? sin (50 — 4¢) +--+} 


where 
, a3 2 = 
a’ =aa' (1 —e7)1—e,")!, O@= 2m 
and 
¢g = 2zt sin’ r. 


To sum these series, substitute in the equation, 





I 
~ 2 3 
= I x B Z ae 
: + + + + . 


x = a" e,e, {cos 0(6 — ¢) + 7sin (@— ¢)} 
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and multiply both members by a,’ (cos @ + sin @); equate the real 
numbers in one member to those in the other and similarly for the 
imaginaries ; simplify and get 


a/[cos 0 — a*e,e, cos (6 — Se 





al ie I — 2a¢,e, Cos 20 _ ¢) + ate 
a/ [sin 6 — ae,e, sin (0 — ny 
on 7 — aaa é, COS 20 — ¢) + ave, 
, sin @ + ae, sin (@ — 2¢) 
_— cos O + we, e, cos (9 — 2¢)’ 
4\2 
II. A?= (4, ) 





‘ “1 — 2a"7¢,e, cos 2(8 — g) + a*e,%e/? 


Making a similar calculation of the phase change and intensity 
of reflected light, remembering that there is a difference of phase of 
z between externally and internally reflected rays, gives 


cos 2(@ — y) — a*e,e, 








ental asl I — 2a"¢,e, cos 2(0 — gy) + aXe, ies 
sin 2 (9 — @) 
1, E e8 ce 1, COS 2(0 — ¢) + ae%e? 
cos 2(4 — ¢) — a”ee, 
III. cot d. an Acs 8, 2 2(0 — rr) J 
IV. 4? (a,’)? — 2aa,'e,[cos 2(4 — ¢) — a*e,e,] _ ate? 
, > 


e I — 2a*¢,e, cos 2(4 — ¢) + ate,%e,? 


where a,’ = aa*e(1 — ¢,). 
As was to be expected, if a be put equal to one, 7. ¢., if there be 
no absorption of radiation by the film, 


A” +A ° a’. 
This check upon the work together with the fact that the formule 
A? and A”? appear in the proper form for direct application to the 
experimental data is considered justification for deducing them here 
along with those for dé, and @, although, in slightly differing forms, 


they will be found, as noted in (1) of the summary of Part I., in the 
texts on optics. 
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The above formulz are quite general and simplify considerably 
under reduction to special cases. As they stand, however, data 
could be obtained for the determination of A, and 4, if the trans- 
parent film upon which measurements are to be made were intro- 
duced in front of one of the plane mirrrors of an interferometer in 
such a way that the angle of incidence could be varied. A series 
of dielectrics could be used to give different values of ~. The 
thickness of the film must always be known and for a given dielec- 
tric could be varied. The smaller the absorption coefficient the 
thicker the films from which measurable effects may be obtained. 
Such an experiment is practicable if one uses electric waves of con- 
venient length, but the construction of sufficiently thin uniform films 
for use with light waves and, since the usual optical methods are 
not available, the measurement of their thickness, makes the prob- 
lem a difficult one. One method which suggests itself is the con- 
struction of one sufficiently thin, uniform film upon which measure- 
ments may be taken with different wave-lengths. This film need 
not be large in extent and may be made from some metal, better 
from a more transparent substance, having as high an index of re- 
fraction as possible, the thickness to be determined by the optical 

method after a suitable wave-length or 


we lengths have been found. Another method 
es is to make three measurements on a given 
4 Yi r film of either @, or 6, for different angles of 
ae incidence ; substitute in the proper formula 

—— and solve simultaneously for x, z and a. 


An arrangement of this sort shown in Fig. 
11 could be used in the determination of A, 
and dé. S is the source of radiation, C the collimator, F the film, 
T the telescope or receiver, and A a device for varying the angle of 
incidence. 

For the case covered by the experiment in Part I., 2. ¢., that of 
perpendicular incidence, 


Fig. 11. 


I+ a”ee 
tan 0d, = ——,,“ tan 222, 
I—a@ 6&9 


A? =a a*(1 — ¢,*)(1 — ¢,”) 


t 22 4z,, 2,, 2° 
I — 2a°¢,é, COS 4 72 + @e/"e, 














| 
| 


————_ i, -- 
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Taste III. 
sea. | ete, | acinar | pttater. 
- -* .0625 .1436 19.49 

ts .1250 .2474 16.65 
ss .1875 3144 | 13.96 
} .2500 3640 = 12.00 
's .3750 | .4370 9.40 
1 .5000 .5000 7.92 
Bs 6250 .5698 7.13 
} .7500 .6633 6.89 
vs .8750 .8046 7.20 
} 1.0000 1.0000 7.92 
Ps 1.1250 1.1843 8.39 
5 1.2500 1.3154 8.39 
ih 1.3750 1.4132 8.17 
3 1.5000 1.5000 7.92 
ti 1.6250 1.5915 7.74 
j 1.7500 1.7009 7.67 
| «1.8750 1.8389 7.75 
1 2.0000 | 2.0000 7.92 


Since 0, is the total change of phase due to the film of thickness 
sand 2z2/n (z is measured in wave-lengths in the film) the change 
of phase which would occur if the film were removed, the net change 


of phase J, is given by 
V. 4.=6,—— 


t t nN 
and 


N 
VI. — = fioo= 





p (Obs.). 


wo woewmwdndssiur +& WS NO 


~ 
~- oo 


16.00 
16.20 


13.40 


9.10 
8.20 
7.20 
6.14 
6.62 
7.10 
7.62 
8.14 


8.33 
8.60 
8.60 
8.10 


: 7.87 


7.82 
7.69 
7.68 
7.72 
7.85 


8.10 
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where / is the change of phase per unit thickness of the film as 


measured experimentally. 
From Fresnel’s formule, 


and 
_ t,— I 


¢, = 
7 Myatt 
where x, is the index of refraction of water with reference to air, 
8.92, and , is the index of water with reference to glass, 3.38 ; 2.64 
is taken as the index of refraction of glass. Evaluating these gives 
= 798, 
€, = -543.- 
A computation of a’ from selected ordinates of the phase curve 
gives a value of about .31, which indicates that over 60 per cent. of 





Fig. 12. 


the energy of radiation is absorbed by one wave-length, 21.2 mm., 


thickness of water. 
Table III. shows the values of 6, and / as calculated from the 
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formule up to z= 1 and, for comparison, the observed values of /. 
The curve shown in Fig. 12 is the graph of @,, the diagonal giving 
the values of @. Fig. 13 shows the observed and calculated values 
of ~. Observed values are marked ©, calculated x. The agree- 
ment is good with the exception of the third, seventh and fourteenth 
points. It is evident that the departure of the curve in Fig. 12 from 
the straight line, 6 = 2zz, depends on ¢,¢, unless the coefficient of 





Fig. 13. 


transmission be much less than one. This departure is consider- 
able even with low indices of refraction, as will be seen from the 
application of the formule I., V. and VI. to the experiment on the 
paraffin plates described in Part I. 

Take 1.47 as the index of refraction of paraffin and assume the 
coefficient of transmission to be one. There can be little error in 
this assumption, even though a’ be considerably less than one, since 
the plates used range from 5), to ;'; of a wave-length in thickness. 
Formula I. becomes 
__ 1.0362 


tan 0, = “9638 


tan 2 


ay 
a 
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and the mean index of refraction for plates of the above thickness 
computed by V. and VI. is 


n = 1.565, 


an increase of almost 6} per cent. over 1.47. The block of paraffin 
has a thickness of 3 of a wave-length. Applying the formula to 
this thickness gives the index to be 


m= 1.484 


or nearly I per cent. over 1.47. 

While the results of this experiment on the paraffin plates did 
not at the time, August, 1905, seem to justify the assertion that the 
differences in the different determinations of the index of refraction 
were due to a change of phase not a linear function of the thickness 
of the plate, these theoretical considerations appear to show that 
such was the case. 

The application of the above formule, being fairly well justified 
by experiment, may further be made to the work of Johonnott ® and 
others on the thickness of thin liquid films. For an index of 1.33, 
neglecting the coefficient of transmission and assuming perpendic- 
ular incidence, formula I. becomes approximately 


1.02 
tan 0, = tan 272. 
.98 


Recomputing from Johonnott’s data in a case in which he gets 
ch = 12.6 wu, and taking the phase change into consideration gives 
ch = 12.1 py, the difference being about 4 per cent. The mean of 
12 wp as limiting thickness of the first block becomes 11.5 py. 

It is probable that this correction just accounts for the difference in 
the two values found by Reinold and Ricker” for this same quan- 
tity and justifies the latter of the following assumptions. They 
used two methods in their determinations : an optical method based 
upon the assumption that the index of refraction as computed by 
the usual formulz is the same for any thickness of plate and an 
electrical method underlying which was a similar assumption with 
reference to the resistance of a liquid. By the first method they 
obtain 11.8 wu, by the second 11.3 py. 


~ 
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The spectrometer experiment described in part I. was intended to 
serve as a check on the work with the interferometer. While it 
serves this purpose well, the formulz used in the interpretation of 
the results with thin plates cannot, except in a general way, be used 
to account for the results with the thin prism. 

Fig. 14 shows a section of the prism and the paths of the rays 
through it. This figure illustrates the special case in which inci- 
dence is perpendicular, ¢ is .83° and ” is 8.92. The consideration 
of the general case has not been found profitable on account of the 
comparatively complicated expressions which arise, and its limited 
application to special cases. The angle of incidence 7, of the ray 














Fig. 14. 


AB on the second face at A is ¢. Its angle of refraction 2, is 
7° +25’. For the ray CB, 1, is 3¢, 2, is 22° + 48’ ; for DB, r, is 
5¢ and 7, is 40° + 12’; for EB, r, is 7¢ andz, is 64° + 40’. Total 
reflection takes place at 7?¢. 7, and 2, are so large that the refracted 
parts of DB and ZB could not enter the focusing cylinder at the 
same time as the refracted parts of 44 and CB provided the cylin- 
der be at the position for the maximum effect of the radiation upon 
the receiver as determined by theexperiment. The rays AZ and 
CB are therefore the only ones to be considered. It is clear that a 
circular cylinder of appropriate curvature would have given a better 
focus of the diverging rays and consequently a better defined maxi- 
mum than that given by the parabolic cylinder used. 
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The resulting disturbance at B due to AB and CAB is given ap- 
proximately by 


S=5,+ 5, 


zt 
= A sin 2x — 8) 


l 
= .3614aa"""¥ sin 27 ( ' ed tan ) 


t 
+ .226aa* "4 sin 27 ( 7— 3+ tan ¢) 


where a is the amplitude of the rays incident at A and a’, the coeffi- 
cient of transmission. Fresnel’s formule are again used in getting the 
values of ¢. xis measured in wave-lengths in water. Putting @ for 
mx tan ¢ and solving gives 
1.6 + 3a” — 4a" sin? 6 


aie 1.6 — 3a" + 4a" cos?6 *s. 


Table IV. gives a few of the values of t, @ and ¢6 for comparison. 

















TABLE IV. 
T (in a's). | 6 (in wr). ( can T t (in A’s). 6 (in r). 6 (in r). 
ss .0625 1093 |) o|~SC«wB7S0.—|~S«w« 8093 
¥r .1875 .3157 ° 1.0000 | 1.0000 
} | .2500 .4076 * 1.1250 | 1.1836 
¥s .3750 4650 | : 1.2500 1.3430 
} .5000 5000 | 383k = |_—s:1.3750 1.4688 
ts .6250 .5075 3 | 1.5000 | 1.5000 
a 27500 : 6281 +3 1.6250 1.5604 


Fig. 15 is a graph of these values and makes apparent the reason 
for the different angles of deviation found for different parts of the 
same prism. The values of dare marked ©. They have a some- 
what similar relation to 6 as that shown in Fig. 12, values of @ being 
given by the diagonal straight line. A computation of D, the angle 
of deviation, for that part of the prism from }Ato ;5,A in thickness 
gives 


° + 45.5’. 
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This value is 8.5’ less than the value observed for D at approxi- 
mately this part of the prism. A similar computation gives 


D = 8° + 33! 


for that part of the prism between ;5,4 and }3/ in thickness. This 
value is 51’ greater than that observed for about the same part of 
the prism. Both experiment and calculation on the thin prism are 
somewhat rough but of sufficient accuracy to show that, for a thin 
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Fig. 15. 


prism of material the index of refraction of which differs much from 
one in either direction, the angle of deviation is different for different 
parts of the prism and cannot be used in the ordinary formulz for 
computing the index of refraction from data obtained by means of 
a spectrometer. 

Fig. 16 shows the curve of transmission of energy as worked 
out from formula II. for a thin film. This curve is below the 
observed curve. It has sharp maxima and broad minima com- 
pared with that in Fig. 9, which taken with the curve in Fig. 6 
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seems to indicate that the receiver responds to a limited group of 
wave-lengths in the vicinity of the one wave-length to which it is 
tuned. Further evidence is had in the fact that, when no water 
plate intervenes, the wave-length responded to by the receiver is 
quite uniformly Ig9.1 cm. in air, while, with the plate intervening, 
wave-lengths varying from this by several millimeters are obtained 
as in the sample set of readings given in Part I. This disagree- 
ment between the curves in Fig. 16 and Fig. 9 is due no doubt to 
the fact that the curve in Fig. 16 is computed for one wave-length 
only, while that in Fig. 9 is the resultant effect of a limited group 
of wave-lengths. Where the plate is almost opaque to a given 


. 


4, 























Fig. 16. 


wave-length, it is transparent to others either longer or shorter. 
The pulse from the gap containing a given group of component 
wave-lengths has some of these lengths sorted out by the plate so 
that a slightly different group presents itself to the receiver at every 
thickness of the plate. The receiver, having been tuned to the 
original group, responds less energetically to the modified groups ; 
this response being in the nature of a compromise between the 
wave-lengths offered by a given group and the ability of the 
receiver to respond to them. 

It follows that at any given thickness of plate certain wave- 
lengths, given by + =(2”—1)4/4 are partially taken out of the 
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group, while others given by t = w//2 are more intense. For thin 
prisms, Fig. 15 shows the same sort of selection. The prism 
becomes a sort of transmission grating. It is seen further that a 
prism having a given refracting angle and composed of material 
having a given index of refraction will produce for a given angle of 
incidence an angle of deviation depending upon the wave-length. 
Consider in Fig. 15 the part of the prism between z= ;°,; and 
s=1}. Fora given wave-length 4 in the medium of the prism, 
the distance along the face of the prism will be d, for any other 
wave-length 7’, the distance d’ will be greater or less than 4 de- 
pending on whether /’ is greater or less than A, but the change in 
phase between these two thicknesses will be the same, since z is 
measured in wave-lengths in the prism. This means that for the 
shorter wave-lengths the virtual face of the prism will make a 
greater angle with the real face at that part of the prism where, for 
the wave-length under consideration, the transmitted light is most 
intense, with the result that the angle of deviation of the shorter 
wave-length will be greater. Lampa’s' experiment on the index of 
refraction of water seems to support this conclusion. He used a 
prism having a refracting angle of 4° and found the angles of devia- 
tion for the three wave-lengths, 4,6 and 8 mm. The groups of 
wave-lengths in which these predominated were probably quite 
limited. From these angles he computed, by the usual formula, 
the following values of the specific inductive capacity of water : 


Kass) = 90.2, 
Kus) = 88.4, 
K xs) = 80.4. 


Professor A. Kundt,® in his experiments on thin metallic prisms, 
made two measurements on each prism. (1) Its refracting angle. 
This was measured by the reflection from the face of the prism. If 
we may judge from formula III. above, the angle thus obtained can 
not be taken as the actual refracting angle. (2) The angle of devi- 
ation. As has been shown in the case of the water prism, this angle 
is dependent on the thickness of that part of the prism through 
which the light is transmitted as well as upon the refracting angle, 
the index of refraction and the wave-length. No observation was 
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made from which the thickness of the prism at the part in question 
can be determined, consequently a simultaneous computation, assum- 
ing the above formulz to hold for metals, of the actual angles of 
refraction and deviation is impossible. 

At what refracting angle the virtual face of the prism coincides 
with the real face must be somewhat dependent upon the adjust- 
ment of the other parts of the spectrometer and is a subject for 
further experiment. A theoretically correct method of determining 
the index of refraction of a material for a given wave-length A, is to 
use a plane parallel plate of it of thickness #/4/2 and measure the 
retardation of the light due to its passage through this plate. 1 is 
a whole number and / is the wave-length in the material used. 
Practically x need not be a whole number if the plate be thick when 
measured in wave-lengths. 

To the summary given in Part I. may now be added : 

5. The variable change of phase observed in the experiments 
with thin films and prisms also the variation in intensity of the 
transmitted and reflected energy are interference phenomena and 
are due to the superposition of the successive transmissions or 
reflections arising from multiple internal reflection. 

6. The text-book formule used for computing the index of 
refraction of a substance from data taken with either the inter- 
ferometer or the spectrometer will not apply in the cases of thin 
films and thin prisms but must be supplemented by the formulz 
given above. 

7. The virtual face of a thin prism is not coincident with its real 
face but, for a given wave-length in the medium of the prism, a 
section perpendicular to the edge shows a somewhat sinusoidal 
curve which cuts the real face at those points where the thickness 
of the prism is 7//4. Its slope is least at the points (2% — 1)A/4, 
greatest at 74/2, these slopes being steeper for wave-lengths shorter 
than / and less steep for those longer. The transmitted energy is 
least at (2% — 1)A/4, greatest at 74/2 and is always dependent upon 
the index of refraction. The thin prism is thus a transmission 
grating possessed of properties by which to a certain extent, it ac- 
complishes the analysis and dispersion of white light. 

For their helpful criticism of his work and the suggestions above 
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mentioned, the author takes this opportunity of expressing his ap- 
preciation to Professors Michelson and Millikan. 


MouNT WEATHER OBSERVATORY, 
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THE VISCOSITY OF WATER AT VERY LOW 
RATES OF SHEAR. 


By L. E. GuRNEY. 


INTRODUCTION. 
HE following investigation was carried out at the suggestion of 
Professor Albert A. Michelson in the spring and summer of 
1906 at the Ryerson Physical Laboratory of the University of 
Chicago. I desire to thank him and to thank Professor R. A. 
Millikan for their continued interest and helpful advice during the 
course of the work. 

It was undertaken to test certain conclusions arrived at by Pro- 
fessor A. W. Duff,’ which seemed quite remarkable if true. These 
conclusions (discussed later in this paper) were not verified and the 
work was extended to the measurement of the coefficient of vis- 
cosity of water at lower rates of shear (5.28 to .663 radians per 
second) than had hitherto been used. The main purpose was to de- 
termine if posssible whether its value changes as the motion of the 
liquid becomes very slight —a point of considerable theoretical in- 
terest in a study of the nature of liquids. 

The method employed was, with a number of changes, similar to 
that used by Couette” and others. The liquid was enclosed 
between concentric cylindrical walls ; the outer cylinder was turned 
at a known rate about its axis ; the inner cylinder was held fixed by 
a couple of known value ; hence the coefficient of viscosity of the 
fluid could be found. 

This method has not previously been used, as far as I know, with 
very low rates of shear yet it offers peculiar advantages. (1) With 
the modifications described it is sensitive with thin liquids at ex- 
tremely low rates of shear. The lower limit used in this investiga- 


1 Phil. Mag., Ser. 6, Vol. 9, p. 685. 
? Ann. de Chem., Ser. VI., Vol. 21, p. 433. 
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tion was not set by any inherent mechanical difficulties in the con- 
struction of apparatus but by other causes. (2) All parts of the 
liquid are sheared at somewhat nearly the same rate (see Fig. 3) 
and continually at the same rate. In the method of flow through 
tubes the rate of shear varies from O at the axis of the tube toa 
maximum at the walls; in the method of oscillating discs or 
spheres all parts of the fluid are sheared at rates which vary from 
O to a maximum at different times. This lack of uniformity seems 
objectionable in an investigation upon the constancy of the viscosity 
coefficient at low rates of shear. 


GENERAL OUTLINE OF METHOD AND THEORY. 

The Experiment.— All the constants of the apparatus having 
been determined the routine work of the experiment fell easily into 
two parts. No mention is made here of details. 

1. A smail cylinder was suspended by means of a steel wire 
centrally within a larger cylindrical vessel, both cylinders being 
vertical. Then before any liquid was placed in the apparatus the 
inner cylinder was set into oscillation and its period of free rotation 
about its suspension measured. 

2. The outer cylinder was filled with water until the inner one 
was submerged to the proper depth and was then made to rotate 
slowly at a uniform rate. On account of the viscosity of the water 
this caused the inner cylinder to deflect through a small angle until 
it was balanced by the torsion of the wire; this angle, the speed of 
rotation and the temperature of the water were then determined. 

The second part was then repeated using an inner cylinder of 
about the same diameter but twice as long as the preceding one. 
This furnished data from which the effects due to the ends of the 
cylinders could be eliminated. 

Apparatus. — The essential parts of the apparatus are shown in 
the accompanying diagram (Fig. 1). 

A cylindrical vessel 6 with a flat bottom, constructed of heavy 
brass tubing, 22 cm. in height, 11 cm. inside diameter, rested upon 
aturn-table 7. The surface of the table was a plane at right angles 
to its axis of rotation and could be made horizontal by three level- 
ing screws in its tripod base. To insure uniform motion at the 
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a couple of known value ; hence the coefficient of viscosity of the 
fluid could be found. 

This method has not previously been used, as far as I know, with 
very low rates of shear yet it offers peculiar advantages. (1) With 
the modifications described it is sensitive with thin liquids at ex- 
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' Phil. Mag., Ser. 6, Vol. 9, p. 685. 
? Ann. de Chem., Ser. VI., Vol. 21, p. 433. 
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tion was not,set by any inherent mechanical difficulties in the con- 
struction of apparatus but by other causes. (2) All parts of the 
liquid are sheared at somewhat nearly the same rate (see Fig. 3) 
and continually at the same rate. In the method of flow through 
tubes the rate of shear varies from O at the axis of the tube toa 
maximum at the walls; in the method of oscillating discs or 
spheres all parts of the fluid are sheared at rates which vary from 
O to a maximum at different times. This lack of uniformity seems 
objectionable in an investigation upon the constancy of the viscosity 
coefficient at low rates of shear. 


GENERAL OUTLINE OF METHOD AND THEORY. 

The Experiment.— All the constants of the apparatus having 
been determined the routine work of the experiment fell easily into 
two parts. No mention is made here of details. 

1. A small cylinder was suspended by means of a steel wire 
centrally within a larger cylindrical vessel, both cylinders being 
vertical. Then before any liquid was placed in the apparatus the 
inner cylinder was set into oscillation and its period of free rotation 
about its suspension measured. 

2. The outer cylinder was filled with water until the inner one 
was submerged to the proper depth and was then made to rotate 
slowly at a uniform rate. On account of the viscosity of the water 
this caused the inner cylinder to deflect through a small angle until 
it was balanced by the torsion of the wire; this angle, the speed of 
rotation and the temperature of the water were then determined. 

The second part was then repeated using an inner cylinder of 
about the same diameter but twice as long as the preceding one. 
This furnished data from which the effects due to the ends of the 
cylinders could be eliminated. 

Apparatus. — The essential parts of the apparatus are shown in 
the accompanying diagram (Fig. 1). 

A cylindrical vessel 4 with a flat bottom, constructed of heavy 
brass tubing, 22 cm. in height, 11 cm. inside diameter, rested upon 
a turn-table 7. The surface of the table was a plane at right angles 
to its axis of rotation and could be made horizontal by three level- 
ing screws in its tripod base. To insure uniform motion at the 








100 L. E£. GURNEY. [ VoL. XXVI. 


small angular velocities used, the table was rotated by a worm-gear 
W joined by a flexible shaft / to a pulley PF. This pulley, in turn, 
was connected by light leather belting to a small electric motor £. 
The worm-gear W reduced the angular velocity of the pulley one 
hundred times and by using pulleys of different diameters all desired 
velocities were communicated to the turn-table. 

Two inner cylinders were employed similar to a and about g cm. in 
diameter — one about 5 cm. and the other about 10 cm. in length. 
They were made of brass tubing and had plane brass ends pierced 
above and below by two very 
small holes ; they were hollow 
and when immersed were filled 
with water which passed through 
these holes. A small brass rod 
S passed through the ends and 
along the axis of each cylinder. 
This rod or stem was 25 cm. 
long in each case; its lower end 
terminated at the bottom of the 
cylinder and its upper end was 
provided with a screw clamp 
for attaching it to the suspen- 
sion. When either of the cylin- 
ders was in place as at a-its 
lower end was 5 cm. above the bottom of the outer cylinder, its 
top was immersed under 5 cm. of water and about 8 cm. of the 
stem projected above the outer vessel. A small mirror 7 was at- 
tached to the top of the stem and the deflections of the inner 
cylinder were observed with the aid of a telescope and curved scale 
placed at a distance of 2.5 meters. 

The suspensions used were small steel wires. The upper ends 
were clamped into jewelers’ chucks held in a heavy steel frame. 
The lower ends were fastened into the stems of the cylinders by 
screw clamps. The properties of these suspensions are described 











Fig. 1. Diagram of Apparatus. 


in more detail later. 
Temperatures were measured by thrusting into the water an ordi- 
nary laboratory thermometer graduated to tenths of degrees. This 
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thermometer was compared with the Baudin Standard No. 15,170 
and found to have a correction of + .17° through the range of 
temperature used. 

Time intervals were usually of several minutes duration and were 
usually measured by a stop watch, wound up to the same tension 
before each observation and frequently calibrated ; it was found to 
have a very constant rate. Intervals requiring more accuracy were 
measured by direct reference, through electrical contacts, to a 
standard astronomical clock. 

Freshly distilled water was used from which the air had been 
removed by boiling or the vacuum process although this precaution 
did not seem especially necessary. 

All the apparatus was finally installed in a room without windows 
and with double doors, whose temperature could, by means of an 
electrical device, be kept constant within a tenth of a degree as 
long as might be desired. The temperature of the water was not 
equally constant inasmuch as a certain amount of evaporation at its 
surface could not be avoided. But these changes were slow and 
small in amount and there is no reason to fear error from this source. 

Expression for the Coefficient of Viscosity.— From the equations 
of Navier,' together with the equation of continuity, it may be 
shown that a cylinder of radius 4, rotating with constant angular 
velocity w, will exert upon an inner, fixed, concentric cylinder of 
radius a (the space between them being filled with a liquid whose 
coefficient of viscosity is 7) a couple J given by the relation 


I. P an gry £* 


P—a 


where / is the common length of the two cylinders and the effects 
due to their ends is disregarded. 

If now the inner cylinder be suspended by a wire (length Z, radius 
r, coefficient of rigidity ”, angular displacement ¢), whose torsion 
couple holds it in equilibrium, the relation exists 


= 4 
Il. fn 
2L 


1 Memoires de |’ Academie des Sciences, t. VI. 
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Now if some body whose moment of inertia J/ is known be 
suspended upon this wire and oscillate freely about it with a period 





T we have a third and familiar relation > 
teed, ‘| 
M 
III. 7=27 J ; 
P trart/L 
Eliminating / and the quantity ~r*/Z from these three equations 
we obtain 
IV. _— zoM( — a’) 


CF 7*0l 


where 7 = coefficient of viscosity of the liquid, 
yg = angular displacement of the inner cylinder, 
M = moment of inertia of chosen body about suspension, 
T = period of free oscillation of body about suspension, 
a = radius of inner cylinder, 
/ = length of inner cylinder, 
6 = radius of outer cylinder. 

In this investigation the angle ¢ was determined by a mirror and 


scale and the shorter of the inner cylinders was the body chosen for 
determining the constants J/ and 7. Bearing this in mind the last : 
equation may be written in the more convenient form 
stk 
V. 7 = aT? 
where d@ = distance of scale from mirror, ) 
Ss = 2¢d, the observed deflection of scale image, 
t = 2z/w, the time of one revolution of outer cylinder, 
K =M(& — a’)/4a°0"/, a constant depending only upon the 
dimensions of the cylinders. 
Shearing in the Liquid. — Couette (loc. cit.) gives an expression 
for the angular velocity at any point in the liquid. Written in the 
symbols that have been used this reads 
i/a — 1/r 
VI. = eR. 
amine?” |? 
where w, is the angular velocity of the liquid at a distance r from the { 





axis and w is the angular velocity of the outer cylinder. 
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From this expression S, the rate at which the liquid is being 
sheared at a distance r from the axis, may be found. 

Let X, and Y, (see figure) be two 
points in the liquid on a common 
diameter of the cylinders at distances 
r and r+ 4dr from the axis and sup- 
pose that in the time J¢ they advance 
to the positions Y and Y. Then we 


have 
| YZ 
S, = Lim | —/de 
aro | XZ 





x YY 
Fig. 2. 








<i (r+ dr), s+ — =] 


4rd & 4 r 


by substitution from Eq. VI. this takes the form 


_ [eer t dr) (r+ dr 
S= yore: P—a& \PLi(r+ dr 7) " 
22° w 
VII. ~ FP =m a) 


It appears from this equation that if the distance between the 
cylinders be fairly small compared with their radii that the liquid 
will be sheared at a fairly uniform rate all across the ring. Fig. 3 
shows the relative rate at which different parts of the liquid were 
sheared in these experiments. The curve is the same for all 
velocities of rotation of the apparatus. 

The average rate S at which the whole mass of the liquid is 
being sheared may be found from Eq. VII. by multiplying each 
element of a cross-section by its rate of shear and dividing the sum 
of these products by the area of a cross-section since they are all 


alike. This gives 
8a°h*w - dr 
S= a5) i 


4@hw , 6 


the constant of integration dropping out. 
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Correction for End Effects. — Equations IV. and V. apply only 
to the case of an ideal cylinder without ends. The effect due to 
the ends of the real cylinders necessarily used in practice might be 
allowed for either by the calculation of another term in these equa- 
tions or by experimental means. Couette eliminated it by con- 
tinuing the inner cylinder with fixed guard cylinders. In this 
investigation it was eliminated by the successive use of two cylinders 
of approximately the same radius but of different lengths. If the 
same conditions prevail about the ends of both cylinders it may be 
assumed that the effect due to them will be the same in either case 


wa 
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Fig. 3. This curve represents the relative rates of shearing at different parts of the 

liquid as one passes from the inner to the outer cylinder. It is the same for all velocities 

of rotation. The equation of the curve is equation VII. where the constants are given the 


values they had in this investigation. 


56 


and may therefore be eliminated by subtraction. In this way may 
be obtained the deflection due to an ideal cylindrical surface whose 
dimensions are calculable if we know those of the two real cylinders. 

Dimensions of the Ideal Cylinder. — We will make three assump- 
tions: (1) That the deflection of the ideal cylinder is equal to the 
difference between the deflections of the two real inner cylinders. 
(2) That its length equals the difference between their lengths. 
(3) That the effect due to the ends is the same for each of the real 
cylinders. 

It remains to find the radius of the ideal cylinder. Obviously it 
would be the same as the radii of the real cylinders if they were 
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strictly equal to each other but since this condition was only 
approximately fulfilled it is necessary to proceed as follows : 

Let s be the deflection produced by the ideal cylinder, a its 
radius, / its length. 

Let (s,, @,, /}) and (s,, @,, /,) be the corresponding expressions for 
the longer and shorter real inner cylinders. 

Let sy be that part of the deflection of each real cylinder due to 
its ends. 

From the three assumptions that have been made and the general 
equation IV. may be obtained the following equations : 


I S=5,— Sy 

2 /=/,-—1/, 
la?* 

3 eee! Oe | 
‘a? 

4 = ¢R_git Se 
l,a,? 

5 edt IN 


where ¢ is a constant. Therefore 


6-97 
G—a* F—a? Pa 


6 


from which the value of a may readily be determined after numerical 
values have been substituted. 

A little consideration will show that a slight change in the radius 
of a real inner cylinder will have a far greater effect upon that 
part of its deflection due to its cylindrical surface than it will upon 
that part due to its ends hence the third assumption is justified for 
very nearly equal cylinders even though we cannot consider their 
average radius as being that of the ideal cylinder. 

From these dimensions of the ideal cylinder and the other con- 
stants of the apparatus the value of X in Eq. V. may be found once 
for all and thereafter the routine work of the experiment is reduced 
to the repeated determination of but three or four variables. The 
following plan_was adopted : 
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Method of Observation. — The apparatus was first adjusted : 

1. The outer cylinder was set vertically by the leveling screws 
with the aid of a plumb line. 

2. The outer cylinder was centered upon the turn-table until the 
distance between the point of a wire, held within a millimeter of its 
surface, and its reflected image did not alter appreciably as it turned. 

3. The inner cylinder was put in place and the upper support 
adjusted until it hung just 5 cm. above the bottom of the outer one. 

4. The turn-table was moved horizontally until the inner cylin- 
der centered within a small fraction of a millimeter as measured by 
a brass gauge. 

5. Water, previously brought to its equilibrium temperature, was 
poured in until it reached a point 5 cm. above the upper surface of 
the inner cylinder. All bubbles of air clinging to the surfaces were 
carefully removed. 

6. The mirror attached to the stem was moved into its proper 
position. 

After these adjustments were made (half an hour later) : 

7. The initial position of the scale image was recorded and the 
motor started. 

8. After a suitable length of time (15 to 45 minutes) the velocity 
of rotation and the corresponding deflections were observed simul- 
taneously for several minutes. 

g. A thermometer was thrust into the water and its temperature 
noted (this was also done at various other times when opportunity 
permitted to check any possible change). 

The water was then removed by a siphon, the second inner cylin- 
der adjusted in position and the observations repeated. The period 
of free oscillation of the inner cylinder was occasionally determined 
between (4) and (5) when it seemed desirable. 

The data obtained from a double set of observations taken in this 
way were averaged together and constitute a single set of values in 
the final tables. 


PRELIMINARY WorK. 
Range of Investigation. — The method was first tested roughly 


for the lowest rates of shear hitherto employed (5 radians per second) 
and was found to be operative. It then seemed desirable to deter- 
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mine how much lower one might go. Apparently there were no 
mechanical difficulties in using rates of shear a thousand times lower 
and the attempt was made. 

Two cylinders were constructed for me by Mr. Gaertner similar 
to those already described except that they had no holes in the end 
and all but fifty grams of their weight was supported by the water 
in which they were immersed. A set of quartz fibers was drawn 
and used for suspensions. A number of trials were made using 
rates of shear as low as .O1 radian per second but it was not found 
possible with the time and facilities at hand to obtain satisfactory 
results for rates of shear much below .5 radian per second for two 
reasons. 

1. At lower rates convection currents begin to cause marked 
irregularities. This is shown by the two curves in Fig. 4. The 
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Fig. 4. The upper curve represents the oscillations of the inner cylinder for an inter- 
val of fifteen minutes while the apparatus was at rest near a laboratory window and was 
without thermal insulation. The lower curve represents the oscillations during a similar 
period under the same conditions save that the outer cylinder was protected by a large 
water jacket. The inner cylinder was suspended by a quartz fiber suitable for a rate of 
shear—.0§5. The ordinates are only roughly proportional to time. 


























first curve shows the oscillations of the inner cylinder when sus- 
pended from a quartz fiber of the proper size for shearing at the rate 
of .05 radian per second. The observations were taken at night 
when the apparatus was at rest near a laboratory window and no 
known disturbing forces were present except convection currents. 
The second curve represents the oscillations under precisely similar 
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conditions except that the outer cylinder was protected by a large 
water-bath. 

2. A more serious difficulty than the preceding one, which could 
be greatly minimized by proper thermal insulation, is the length of 
time which elapses after the outer cylinder is set in rotation before 
it exerts its full effect upon the inner one. Fig. 5 represents the 
position of the inner cylinder for one of the observations in series C 
(shear = .66) from the time of starting the motor until it had returned 


26 Je 
R. CM. 





Fig. 5. Curve representing the deflections of the inner cylinder from the time the 
motor was started until equilibrium had been fully established and until its return to the 
zero position. This curve corresponds to one of the observations in series C where the 
rate of shear was about .66 radian per second. 


to zero. In this case there was no certainty that the full deflection 
existed in less than 30 or 35 minutes and to be on the safe side 
observations were never actually begun before 40 minutes. For 
rates of shear ten to a hundred times lower than this it might be a 
matter of hours before equilibrium would exist. 
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For these reasons the lower rates of shear were given up in this 
investigation at least. The light cylinders and quartz fibers were 
discarded and three series of observations (Series A, B, C) were un- 
dertaken with the apparatus already described using as rates of shear 
5.28, 1.29 and .663 radians per second. 

Sources of Error.—The principal sources of error may be 
divided conveniently into three groups: those inherent in the 
methods of observation, those due to inaccurate adjustments and 
those arising from changes with time in the physical properties of 
the apparatus. 

Error Due to Method.—1. Angular velocity and deflection: 
An electric motor was used to drive the apparatus on account of its 
convenience, but it was not very constant in its speed. Now it 
appears from what has been said that the deflections of the inner 
cylinder were some little time in following the changes in angu- 
lar velocity of the outer one. Hence it was unsafe to assume 
that the deflection at any given time corresponded strictly with the 
angular velocity at the moment. It was decided to determine the 
average speed of the motor for ten minutes or so and from forty or 
fifty observations of the deflection taken in the same interval to de- 
termine its corresponding average value. 

To test the reliability of this method the apparatus was set up 
for the lowest rate of shear (the most unfavorable case) and two 
sets of values obtained under like conditions for s (deflection) and ¢ 
(time of one revolution). Now according to Eq. V. the product s¢ 
of the two quantities should remain constant even if the velocity of 
rotation changed meanwhile, provided that its average value corre- 
sponded each time to the average value of the deflection. Conse- 
quently the equality of the two values of s¢ is a test of this corre- 
spondence and of the reliability of the method. 

Six experiments were performed with the two inner cylinders, 
using water at different temperatures each time, but maintaining the 
same conditions during any one experiment except that the speed of 
the motor changed one or two per cent. These gave the following 
pairs of values for s¢: long cylinder —(1325.4, 1327.2), (1320.0, 
1321.3), (1307.8, 1307.5); short cylinder — (860.2, 863.4), (861.2, 
866.9), (838.6, 837.3). It was concluded that the method was 
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sufficiently reliable if slightly longer intervals were used with the 
shorter cylinder. 

Errors Due to Inaccurate Adjustments.—The theory supposes 
among other things that: 

2. The cylinders are concentric. 

3. The conditions about the ends, 7. ¢., the depth of water and 
relative position of surfaces, is the same in every case. 

To test these points three experiments were carried out. (a) The 
apparatus was adjusted as well as possible with 5 cm. of water above 
and below the ends of an inner cylinder, the motor started and after 
equilibrium had been established readings were taken for s and ¢ 
(4) The inner cylinder was displaced about a millimeter from the 
center —a much greater eccentricity than would occur in practice — 
and readings were again taken. (c) About 1 cm. of water was 
drawn from the top with a pipette. Readings were again taken. 

The results of these experiments were as follows : 


Experiment. Av. Defi. s. Timer Rev. ¢. st 
a 17.268 48.73 841.5 
b 17.370 48.36 840.0 


c 17.290 48.48 838.2 


It was concluded that no important error might be expected in 
practice from ill adjustment of cylinders or water levels. 

Couette (loc. cit.) has also shown theoretically that in this case, 
as in others where the magnitude of a physical effect depends 
upon the relative position of nearly concentric spheres or cylinders 
(e. g., Air Condensers, Rosa, J. J. Thomson), that a slight eccen- 
tricity produces an error relatively much smaller. 

Errors Due to Changes in the Physical Properties of the Appa- 
ratus. — The chief errors to be looked for in this direction may arise 
(2) from changes in the elastic properties of the suspensions since 
they were quite small and (4) from change of temperature. A 
wholly unexpected source of error and by far the most serious of 
all until discovered was (c) a change that appears to take place in 
the properties of the surface film of water with time-surface rigidity. 


(a) Suspensions. — Small steel wires were employed. That used 
in Series C was the smallest and longest (length 54 cm., diameter 
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.02cm.). Its properties were most likely to change and were there- 
fore studied. — 

4. That its effective length might always remain the same during 
the frequent interchange of cylinders the ends were soldered into 
very small brass tubes. These protected ends were clamped into 
the supports. 

5. Its elastic properties changed very slowly with time; the 
period of free oscillation of the small cylinders about it was 22.675 
secs. on April 6and 22.698 secs. on May 4. Neither did its elastic 
limit seem to have been reached, for as shown in Fig. 5 it always 
came back to zero when the motor was stopped. 

6. It was feared that its elastic constants might change under the 
different tensions due to the comparatively heavy cylinders (about 
200 gms. and 400 gms.). Accordingly the periods of oscillation of 
both cylinders were measured when suspended upon it and upon 
another wire so much larger that it would presumably be unaffected 
by this difference. 

The results gave : 


Period on Small Wire. Period on Large Wire. 
Long Cyl. 27.24 4.653 
Short Cyl. 22.70 3.879 


This gives (27.24)*/(22.70)’=1.440 and (4.65 3)*/(3.879)’= 1.439. 
Hence it was concluded that the different weights of the cylinders 
did not alter the elastic properties of any of the suspensions. 

(6) Temperature. —7. As has already been stated there was little 
reason to fear an appreciable change in the temperature of the 
water during a single period of observation. 

(c) Surface Rigidity. — 8. It was found that the surface of the 
water tended to acquire a rigid condition and that where the stem 
of the cylinder passed through it, it was capable of exerting a 
couple that was not only very appreciable but that under certain 
circumstances might even exceed that due to the whole mass of the 
fluid below it acting through its viscosity. This effect was most 
troublesome until discovered. It is considered at greater length in 
another part of this paper. It was eliminated by allowing a strip of 
metal, bent into a circle about the stem and fastened to an outside 
support, to touch the surface of the water. This prevented that 
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part of the surface around the stem from acquiring any motion of 
rotation from the cylinder. 

Constants of the Apparatus. —(a) Dimensions of the Real Cyl- 
anders. — Their cross-sections were found to be truly circular within 
3 or 4 thousandths of a centimeter; the longer inner cylinder was 
slightly tapering, its average diameter being .007 cm. greater at one 
end. Their average dimensions as determined by vernier calipers 


were as follows: 


Radius of the outer cylinder was 5.568 cm. = 4 


“«  “longinner “ “ 4.499 cm. = a, 
° tae * vs “4.506 cm. = a, 
Length “long ‘“ . “9.890 cm. = /, 
> Sa * “ “ 4.957 cm. = /, 


From the value of X in Eq. V. may be obtained by differentiatiou 


ay /7 25° 
(7) daja~ & — a?’ 
ay — 2a’ 


(8) ; 
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Taking the dimensions of the cylinders from the table given 
above it appears from these equations that an error of one per cent. 
in the measurement of a, and a, would lead to an error of + 5.7 per 
cent. in the value of 7. An error of one per cent. in the measurement 
of 4 would lead to an error of — 3.7 per cent. It is thought that 
the error in the final results arising from the measurements given 
here is less than that from other parts of the experiment. 

(6) Dimensions of the Ideal Cylinder. — Substitution of these 


values of 4, @,, a,, 4, and /, in equations 2 and 6 gives : 


Length of ideal cylinder, 4.933 cm. = /, 
Radius of ideal cylinder, 4.490 cm. = a. 


(c) The Quantity M.— The shorter inner cylinder was chosen as 
the body whose moment of inertia was to be measured. 

A cylindrical piece of heavy brass tubing was carefully turned, 
measured and its moment of inertia calculated. The dimensions of 


this test piece were 
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Inner radius = 3.213 cm. 
Outer radius = 3.489 cm. 
Mass = 253.47 gms. 
.. Moment of Inertia = 2,850. 


This test piece could be laid upon the cylinder, while it was sus- 
pended, in a position concentric with its axis. 

The periods of free oscillation of the cylinder without and with 
the test piece were then determined to be 22.760 secs. and 31.560 
secs. Hence it was calculated that 


M = 3,089 for the short cylinder. 


(2) The Value of K.— From the preceding values obtained for 
M, 6, a and / 


M Pan & ) 


gab] ~~ 2-7 00~ 


All these measurements were afterwards repeated, using another 
caliper graduated in inches by Brown and Sharpe. When these 
data were reduced to C.G.S. units and calculated out they gave as 
a result A = 2.705. 

This value of A is constant throughout the investigation but the 
value of 7 in Eq. V. must always be obtained by the use of the 
shorter inner cylinder. 


FINAL OBSERVATIONS. 
Series A, 

Rate of shear = 5.28 radians per second. 

Suspension: Steel wire; length = 19 cm., diameter = .0245 cm. 

Guard ring not used. 

Value of 7 = .009319 at 24° C. 

Historically this series was the second to be carried out. It was 
not found possible to use the guard ring as a protection against 
surface rigidity, for at this angular velocity eddy currents were set 
up by it which made the observations irregular and valueless ; how- 
ever, equilibrium was established within ten or fifteen minutes after 
the apparatus was set in motion and there was little reason to fear 
surface rigidity effects within this time. Before each of the observa- 
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tions recorded in the following tables the apparatus was readjusted 
and any possible surface film destroyed by vigorously stirring it 
with a wire. The water was not renewed each time but only when 
indicated by dividing lines. 

In the tables s refers to the observed scale deflection in centi- 
meters and ¢ is the number of seconds required by the outer cylin- 
der to make one revolution. Observations for each datum were 
made over an interval of from eight to ten minutes. 

In order to combine results each value of s¢ is reduced to a 
standard condition of temperature and scale distance using as one 
assumption that the coefficient of temperature change of viscosity 
is approximately the same at these rates of shear as at ordinary 
ones ; an assumption that seems fairly justified by the data them- 
selves. 

The observations are as follows: 

¢t was measured with a stop watch. Its rate was frequently 
checked by the clock circuit and was found to be very uniform but 
faster than true time by 2 parts in 1,000. The corrected averages 
are reduced to true time on this basis. 

T was measured by direct reference through electrical contacts 


Long Inner Cylinder: d (scale distance) = 244.5 cm. 





No. of Obs. s t st Temp. a a ag 
1 63.59 6.144 390.7 24.32 402.5 
2 63.13 6.188 390.7 .33 402.6 
3 62.87 6.200 389.8 .34 401.7 
+ 63.29 6.169 390.4 24.25 401.6 
5 63.18 6.183 390.7 .26 401.9 
6 63.39 6.173 391.3 .28 402.7 
7 63.14 6.194 391.1 -29 402.6 
8 63.01 6.188 | 389.9 31 401.6 
9 62.70 6.200 388.7 24.42 401.4 
10 64.03 6.106 391.0 .43 403.8 
ll 63.68 6.118 | 389.6 44 402.5 
12 63.81 6.125 | 390.9 45 403.9 
13 63.76 6.106 __ 389.3 | 46 | 402.4 = 
6.161 Av. 402.38 average 


401.58 corrected Av. 
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. Short Inner Cylinder; d (scale distance) = 243.3 cm. 


No. of Obs. s t st Temp. st Reduced to 24° C. 





and to d—250cm. 
1 45.13 6.303 284.5 24.23 293.9 
2 45.02 6.281 282.8 24 = 292.2 
3 45.17 6.303 (284.7 24 = 294.2 
4 | 45.02 6.290 283.2 25 292.7 
5 | 45.23 6.313 285.5 26 © - 295.2 
6 | 46.46 6.138 285.2 23.99 293.0 
7 | 46.51 6.168 286.8 24.00 294.7 
s 46.74 6.129 286.4 02 294.5 
9 47.73 6.019 287.3 04 295.5 
10 47.06 | 6.036 284.0 24.47 295.1 
ll 47.19 6.027 284.4 47 (295.4 
12 47.21 6.013 283.8 48 6294.9 
13 46.65 6.106 284.9 24.29 294.7 
14 46.48 6.143 285.5 30 295.5 
15 46.45 6.128 284.7 31 = - 294.6 
16 46.99 6.072 285.3 34 295.5 
6.154 Av. 294.47 average 


293.88 corrected Av. 


Period of Free Oscillation of Short Cylinder. 


Total Time. a - am Period. | Average Period 7. 
1,163.3 104 11.185 


1,118.2 - 100 - 11.182 11.184 


to the clock circuit since greater accuracy is required in these values. 
Value of 4. — From the preceding data we have : 


st for the long inner cylinder = 401.58 

a * * @ot * “ = 293.88 

gg °* * ae | " = 107.70 
Therefore 


stK _ (107.7) (2.706) . 
4 = GT*™ (250) (11.184) 0093'9 at 24° © 


Series B. 
Rate of shear = 1.287 radians per second. 
Suspension: Steel wire ; length = 49 cm., diameter = .0245 cm. 





Se ee 
: ane — i a 
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Guard ring not used. 
Value of 7 = .009306 at 24° C. 
This series was carried out in same fashion as the preceding one. 
The guard ring did not greatly disturb the deflections of the cyl- 
inder yet it seemed to do more harm than good and was not used 


in the final work. 


No. Obs. s 





1 21.34 
2 21.31 
3 21.39 
4 21.45 
5 21.53 
6 21.84 
7 20.88 
8 20.87 
9 21.35 
10 21.22 
1l 21.26 
12 21.42 
13 21.51 
14 21.67 
No. Obs. s 
1 14.39 
2 13.68 
3 13.79 
4 13.81 
5 13.86 
6 13.80 
7 14.73 
8 14.82 
9 14.87 
10 14.82 


| 


fr. &. 
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It required from twenty minutes to half an hour 


Long Inner Cylinder : d= 243.3 cm. 


t 


25.20 
25.04 
25.08 
24.89 
24.96 
24.51 


25.72 
25.84 
25.10 


25.25 
25.18 
25.06 
24.92 
24.72 


25.10 Av. 


Short Inner Cylinder: d= 244.0 cm. 


st 


537.7 
533.5 
536.4 
533.9 
537.4 
535.3 


537.0 
539.4 
535.8 


535.8 
535.3 
536.9 
536.1 
535.6 


st 


356.5 
364.3 
362.9 
363.4 
364.0 
362.4 


363.6 
363.6 
363.5 


Temp. 


24.20 
24 
25 
26 
-26 
.28 


24.04 
05 
ll 


24.22 
.23 
.23 
24 
25 


Temp. 


24.36 
23.49 


Weight. st Reduced to 24° C, 


7 
8 
7 
7 
9 
1 


3 


ll 
ll 
31 


13 
13 

9 
13 
31 


and to d= 250 cm. 


555.1 
551.3 
554.4 
552.0 
555.6 
553.6 


552.3 
554.9 
552.0 


553.4 
553.0 
554.6 
553.9 
—- $53.6 


| $53.38 average. 
552.28 corrected Av. 


Weight. st Reduced to 24° C. 


31 
13 
13 
13 
13 
31 


13 
13 
13 


31 


and to d= 250 cm. 


368.3 
368.7 
367.4 
367.8 
368.4 
366.8 


369.0 
369.0 
368.7 
368.6 





368.15 ‘average. 
367.42 corrected Av. 
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to establish equilibrium after turning on the motor. Observations 
were not ntade in less than thirty minutes after setting the cylinder 
in motion ; the temperature readings were made directly after them. 
In the other series observations were made over fairly equal intervals ; 
in this one they varied from seven to thirty-one minutes and the 
results are weighted accordingly in finding averages. 


Period of Free Oscillation of Short Cylinder. 














Total Time. No. of Oscillations. Period. avenae Period rps 
1,231.6 84 14.662 


1,349.0 92 14.663 14.663 





Value of 4. — From the preceding data we have : 


st for the long inner cylinder = 552.28 
s¢ “ gon “ “= 367.42 
as ¢ Ge * - 184.86 


Therefore 
stK (184.86) (2.706) 
1 = 77i= (250) (14.663) = .009306 at 24° C. 
Series C. 

Rate of shear = .663 radian per second. 

Suspension : Steel wire ; length = 54 cm., diameter = .0200 cm. 

Guard ring used. 

Value of 7 = .010013 at 21° C. 

At the angular velocities used in this series considerable time was 
required to establish equilibrium and observations were never made 
until forty-five minutes after the motor was started. Surface rigidity 
made all the earlier work inconsistent. It was eliminated by the 
use of the guard ring which did not appear to disturb the deflections 
of the cylinder as it did for greater velocities of rotation. 

The observations were as follows : 

Value of 4. — From the preceding data we have : 


st for long inner cylinder = 1,272.9 
st “ short “ as = 792.2 
st“ idol “ os = 480.7 
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Long Inner Cylinder : d= 243.3 cm. 


No. of Obs. s t st Temp. st Reduced to 21°C, 








i 
. and to d=250 cm. 
t = 
! 1 24.55 | 50.32 1,235.4 | 21.11 1,272.8 7 
H 2 24.50 50.56 1,238.5 13 1,276.5 
3 24.62 50.04 1,231.8 15 1,270.3 
| 4 25.54 | 48.00 1,225.8 21.58 1,277.0 
’ 5 25.51 48.00 1,224.7 .59 1,276.1 
6 25.48 48.08 1,225.0 .60 1,276.8 
} 
7 24.99 | 49.64 1,240.6 21.07 | 1,276.8 
8 25.02 49.52 1,239.1 .07 1,275.3 
i 9 25.01 49.48 1,237.5 .07 1,273.7 
q 10 25.79 | 47.48 1,224.6 | 21.47 = 1,272.4 
i ll 25.83 47.48 | 1,226.4 .50 1,275.2 
| 12 25.81 47.48 1,227.4 .53 = -1,277.2 
13 25.86 47.56 1,229.8 55 1,280.2 
: - - 
i 48.74 Av. 1,275.4 average 
| 1,272.9 corrected Av. | 
—_—— —_— / 
i ts ee mma 
Short Inner Cylinder > d = 242.7 cm. 
iH , a oe en ee Eee 
| No. of Obs. s t st Temp. -* Sane = ~ & > 
1 1 16.01 49.12 786.4 20.37 797.8 
2 15.97 48.98 782.4 .38 793.9 
3 15.99 48.92 782.0 .40 793.9 
4 15.62 49.52 773.4 20.66 790.0 
5 15.65 49.68 777.5 .69 794.9 
6 16.08 48.44 778.9 20.49 792.4 
| 7 15.96 48.64 776.3 51 790.1 
i | 8 15.86 49.28 781.7 53 796.1 
I | 9 15.28 50.43 770.4 20.90 791.7 
| 10 15.38 50.32 773.8 .93 795.7 
| | ll 15.19 50.88 772.9 95 795.2 
i) 
a) 49.47 Av. 793.8 average. 
792.2 corrected Av. 
a | | Period of Free Oscillation of Short Cylinder. 
1 3 Total Time. No. of Oscillations. Period. Average Period 7. , 
1,116.9 49 22.794 
1,185.4 52 22.796 | 22.795 
, 
lh 
| 
| 
| 
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Therefore 
stK (480.7) (2.706) . 
7 = —— = -— “= .O10013 at 21°C. 
‘aT? (250) (22.795) 3 


Discussion OF RESULTs. 


Reliability. — Of the three series I regard 2 as the most reliable 
and A as the least. / seems to avoid to a certain extent irregular- 
ities peculiar to each of the others. 

Oscillation about Zero Position. — None was apparent in A; a 
slight motion in 4, an irregular movement of a millimeter or two 
in C. These movements were probably due to convection currents. 

Oscillation about Deflected Position. —(a) There was a ready re- 
sponse to any change of speed in A ; in B and C the response was 
less ready and probably accounts for some irregularities in the data. 
The change in deflection was always proportional to the change in 
speed. 

(4) Superposed upon the changes in deflection due to the changes 
in speed were two others: /irst—the slight zero oscillations. 
Second —a rhythmical movement repeated at each revolution of 
the outer cylinder. This movement was 3 or 4 millimeters (scale 
deflection at 2.5 meters) in 4 ; a millimeter or so in B and was not 
observed in C. The explanation would seem to be that the cylin- 
ders were not perfectly circular in cross-section and there was con- 
sequently a bodily motion of the entire fluid corresponding in period 
to the period of rotation. The effect was relatively slight even in 
A. In A and B the average position of each movement was re- 
corded during the observation interval and thus the number of re- 
corded positions gave also the number of revolutions in the interval. 

Conclusion. — The values of 7 found in A, B and C are .8 per 
cent., .7 per cent. and .g per cent. higher than those given by Lan- 
dolt and Bornstein. Any departure from a truly circular cross-sec- 
tion in the cylinders or any tilting or lack of concentricity would 
cause an apparent increase in 7, since the ideal case is the case of 
minimum deflection. The rhythmical movement in A and the 
measurements of the cylinders show a slight departure from a per- 
fect cross-section. The actual case may also differ slightly from the 
ideal in other ways, and the tendency would usually be to increase 
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the apparent value of 7. For these reasons I do not feel that these 
results justify the claim that the viscosity of water is greater at these 
low rates of shear. But I feel that they justify the counter-claim 
that it is not more than one per cent. greater, if at all. 








No, 1.J SURFACE RIGIDITY OF WATER. 12! 


SOME OBSERVATIONS ON THE SURFACE RIGIDITY 
OF WATER. 


By L. E. Gurney. 


T was observed during the earlier part of the writer’s work on the 
viscosity of water at low rates of shear that it apparently increased 
if the water was allowed to stand for some time in the cylinder. 
It was thought, at first, that the water might have absorbed air or that 
its contact with metal might have had such an effect, but deflections 
were afterwards obtained so great as to make this out of the ques- 
tion. The cause of the effect was for a long time unknown until the 
writer chanced one day to stand in the path of a ray of light reflected 
from the surface of the water and noticed that the dust particles upon 
it started into motion as if it were a rigid plate when the motor was 
turned on. 

Where the stem of the inner cylinder passed down through the 
surface a bit of wire was wound about it with a free end pointing 
downward to indicate the proper water level; this point of the 
marker was about one centimeter from the stem. Further investi- 
gation showed that if the water had been standing for a considerable 
length of time and if the surface touched the point of the wire that, 
acting on this single point of application and on this short couple 
arm, it could exert a couple even greater than that which the whole 
mass of the fluid below it exerted upon the cylinder by virtue of its 
viscosity. 

No special study was made of this phenomenon, since time did 
not permit; the effect was eliminated by allowing a guard ring to 
touch the surface of the water about the stem, thus keeping it at 
rest. Yet certain incidental observations may be of interest ; these 
were all made while the apparatus was adjusted for the lowest rate 
of shear. 

Magnitude of the Effect. 

1. The couple exerted upon the point of wire and stem was much 

greater than that exerted upon the stem alone. 
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2. The deflection produced by the surface couple was in some 
instances greater than due to the viscosity of the water. In one 
case when water, originally taken from the bottom of a nearly empty 
carboy, had remained in the cylinder undisturbed for four days, the 
surface effect was at least four or five times greater than the viscosity 
effect. 

Resistance to Stress. 

3. On one occasion, when the water had stood for a day or two- 
the outer cylinder was slowly turned through an angle of about 1 
degree. The inner cylinder was deflected about .3 of a degree and 
remained in this position without returning to zero. The outer cyl- 
inder was then turned through another degree ; the inner cylinder 
followed to .6 of a degree and remained fixed for a considerable 
time, coming to zero only after an hour or more. 


Development of Rigid Surface. 

4. The water surfaces became noticeably rigid in a few hours or 
a few days, depending upon the previous history of the fluid. 

5. Vigorous stirring destroyed the rigidity of the surface. 

6. In a general way the water which held the most air in solution 
seemed to develop a rigid surface most quickly. The reasons for 
this opinion are that : 

(a) Water taken from the bottom of nearly empty carboys and 
long exposed to air most readily developed such a surface. 

(4) Water freed from air by boiling was noticeably slower in 
assuming this condition. 

(c) Water which readily assumed this condition oxidized the 
metal of the cylinders which were not attacked by fresh air-free 
water. 

I could not judge whether the dissolved air stood in a causal or 
incidental relation to the effect; neither did I observe that change 
of temperature or rate of evaporation influenced its formation, but 
the conditions were not well suited to observations of this character. 

The last observations may indicate, however, that the formation 
of such surfaces depends in some way upon the medium in which 
they are immersed. It is the writer's intention to make a further 
study, both qualitative and quantitative, of these effects. 
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EFFECTS OF THE SOLUBLE CONSTITUENTS OF GLASS 
UPON THE VISCOSITY OF WATER AT VERY 
LOW RATES OF SHEAR. 


By L. E. GuRNEY. 


|* the Philosophical Magazine for May, 1905, Professor A. W. Duff 

gives an account of certain experiments upon the viscosity of 
water at low rates of shear — about five radians per sec. The method 
of flow through horizontal glass tubes under very small pressures 
was used. Values were obtained for the coefficient that were in 
some instances nine or ten per cent. higher than those found by the 
ordinary methods. After varying the experiment in a number of 
ways to find the explanation of this increased value for the coeffi- 
cient Professor Duff arrived at the conclusion that ‘“ Very minute 
quantities of the constituents of glass dissolved out by water have 
very large effects on the viscosity of water at low rates of shear.”’ 

Two experiments were performed to test this conclusion using 
the apparatus and methods described in the preceding paper. 

Experiment 1. 

About a square foot of window glass was carefully cleaned, laid 
between pads of filter paper and crushed into a coarse powder with 
a hammer. The powdered glass was then put into a litre bottle 
of distilled water and allowed to stand for a week. It was then 
filtered off into the outer cylinder, the apparatus adjusted, set in 
motion and the deflection observed for the smaller inner cylinder. 
The glass solution was then replaced as quickly as possible by 
freshly distilled water and the deflection observed under similar 
conditions. The following observations are averages for intervals 
of fifteen minutes. The rate of shear was about .66 radian per sec. 


s t st Temp. st Reduced. 


Glass solution, 15.61 48.97 764.5 25.00 764.5 
Pure water. 16.48 48.78 803.7 22.95 767.4 
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In the last column the two valves of s¢ are reduced to the same 
temperature and scale distance. 


Experiment 2. 

Five or six feet of soft german sodium-glass tubing of the sort 
described by Professor Duff was crushed between filter paper, put 
in a mortar and reduced toa fine powder. This was soaked in a 
litre bottle of distilled water for a week, the bottle being occasion- 
ally shaken up, and the viscosity of the solution compared as before 
with that of pure water by noting the deflections of the small inner 
cylinder when immersed in them under similar conditions. This 
experiment also differs from the preceding one in that a guard ring 
was used to eliminate possible surface effects and that several sets of 
observations were taken. The rate of shear as before was about 
.66 radian per sec. 


s t st Temp. 
Glass Solution. 14.90 49.10 731.8 23.05 Average value of 
14.91 48.91 729.3 -" st reduced = 
14.94 49.98 731.3 - 787.9. 
14.85 49.10 729.3 o 
Pure Water. 14.86 48.65 722.9 23.32 Average value of 
14.77 49.05 724.4 “ st reduced = 
14.78 48.98 723.7 “ 784.5. 
14.71 48.98 721.0 a 
| 14.86 48.60 722.0 S 
Conclusion. — In these experiments whose parts were carried out 


under precisely similar conditions, no differences between the vis- 
cosities of glass solutions (which must have been far stronger than 
those used by Professor Duff) and those of pure water were found 
that could not be accounted for by observational errors. The results 
do not, therefore, appear to sustain the contention that the viscosity 
of water is noticeably increased at low rates of shear by minute 
quantities of the soluble constituents of glass. 
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THE STABILITY OF WESTON CELLS:' 
By Henry S. CARHARTT. 


, VIDENCE has recently been adduced by Professor Hulett? 
tending to the conclusion that the chemical stability of the 
Weston or cadmium cell is inferior to that of the Clark; that its 
electromotive force slowly declines to an extent that renders it 
less suitable for a primary standard than the Clark cell; and that 
this loss of electromotive force is probably due to some secondary 
reaction at the surface of the mercury constituting the positive 
electrode. 

This paper is a contribution to this subject derived from a study 
of a series of cadmium cells set up nearly five years ago and all 
save one still in good order. They were made by myself before the 
work began in conjunction with Professor Hulett, which was reported 
on by us before the American Electrochemical Society.* They 
consist of the series B, to B,,, including the B,, which has been for 
four years my standard of reference, and they were set up at the 
dates indicated in the following table : 

Cell. Date. Mercurous Sulphate. 
January 18, 1903. Merck’s, washed with water. 
March 9, 1903. 
March 9, 1903. 


March 9, 1903. 
March 9, 1903. 
June 22, 1903. > Precipitated with H,SO, from a hot solution of HgNQ,. 
June 22, 1903. 
June 22, 1903. 
June 22, 1903. 
June 22, 1903. | 


wea a nds 





by by bs by by do 


- 
= 


Cells B, to B, were set up with a cadmium sulphate solution 
which had been neutralized with cadmium carbonate and the excess 


'Contribution from a reseach made with the aid of a grant from the Elizabeth 
Thompson Science Fund. 

2 Puys. Rev., Vol. XXV., July, 1907. 

’ Transactions, Vol. V., 1904, p. 59, and Vol. VI., 1904, p. 109. 
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removed (supposedly) by treatment with washed mercurous sul- 
phate. This was the old method often used to neutralize a zinc sul- 
phate solution. But there was evidence later that the solution of 
cadmium sulphate was in reality somewhat basic. Hence for along 
period these four cells had a lower electromotive force than the 
others of this group. They now have practically identical values 
with the others. 

The following table of comparisons shows how these cells have 
maintained their relative values : 


Cell. July, 1903. ge ee July, 1905. July, 1906. a —— 


1.01922 1.01934 1.01936 1.01937 1.01940 1.01939 1.01940 


B, 
B, 20 25 28 34 
B, 22 28 30 36 
B, 19 25 28 35 
B, 20 27 30 35 
B, 36 35 35 1.01935 1.01935 1.01935 _ 37 
2, 36 36 36 36 36 36 36 
B, 37 36 35 34 35 35 37 
By 36 34 33 33 33 34 36 
By 36 35 35 36 37 37 

Means, | 1.01935 1.01936 1.01936 | 1.01936 


These cells have been kept continuously in a bath controlled by 
a thermostat since December, 1903, and very nearly at 21.1° C. 
All comparisons have been made at this temperature. Cells B, to 
B, it will be seen have gradually approached the others in value. 
Hence the mean of the whole group has slowly risen a trifle. The 
mean of the last five has remained 1.01935 or 1.01936 for the past 
four years. 

The materials for the first five cells were not prepared with much 
skill. The mercurous sulphate for all except 4, was made by dis- 
solving mercurous nitrate, purchased as pure, in water acidified 
with nitric acid, heating, filtering, and precipitating with diluted 
sulphuric acid. The precipitate was washed rapidly with water by 


means of a Gooch crucible and a filter pump. The surface of 
the washed sulphate turned yellow, but this yellow portion was 
removed and only tne remaining white part was used. Pure dis- 
tilled mercury was employed to make the 12.5 per cent. cadmium 
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amalgam and for the positive electrode. The amalgam was pre- 
pared by weighing out the requisite amounts of mercury and cad- 
mium and heating them together over a water bath. 

All these cells are of the H-form and they were hermetically 
sealed in the manner described in the papers already alluded to in 
the Transactions of the American Electrochemical Society. 3, 
was the first cell sealed inthis manner. It is still in good condition. 

Cells set up with mercurous sulphate prepared either electro- 
lytically," or by precipitation in accordance with the preliminary 
specification of the National Physical Laboratory in London, have 
an electromotive force twenty parts in 100,000 lower than this B- 
group. The A-cells are higher than those made at the Bureau of 
Standards in Washington by the same amount. 

What evidence now is at hand touching the question of the 
permanence and stability of this 4-group of cells? Have they de- 
clined in the four years during which they have been under obser- 
vation? The comparisons made from time to time have been 
directed toward the question of relative values among themselves, 
and to the study of cells made up with the object of determining 
the effect of varying the method of preparing the materials in some 
particular. But occasional comparisons have been made with 
Clark cells in which the mercurous sulphate was prepared electro- 
lytically. These occasional comparisons serve to evaluate the Clark 
at 15° in comparison with the cadmium at 20°, the temperature 
reductions being made by means of the formulz of the Reichsanstalt : 


Clark, Z, = £,, — 0.00119(¢ — 15) — 0.000007(¢ — 15)’. 
Cadmium, £, = £,, — 0.000038(¢ — 20) — 0.00000065(¢ — 20)’. 
The comparison is in each case with B,, the value of which rela- 
tive to the others from 4, up has remained constant. 


April 18, 1904. Nov. 25,1904. June 24,1907, Oct. 30, 1907. Dec. 7, 1907. 


B, / 1.01940 1.01940 1.01940 1.01940 | 1.01940 
H—Hy | 1.43382 1.43383 

Clsta 1.43382 1.43382 

he Chi | 1.43382 | 


The group of //-cells were set up with electrolytic mercurous 
sulphate washed with dilute sulphuric acid and finally with zinc 
' Trans. Amer. Electrochem. Soc., Vol. VI., 1904, p. 109. 
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sulphate solution. Cell C7/,,, is one sent to me from the Bureau of 
Standards in Washington. Cells C7Z,, and C7/,, were set up Novem- 
ber 8, 1907, with mercurous sulphate precipitated by the method 
recommended by the National Physical Laboratory. 

Unfortunately I have no comparison on record in 1903 which 
enables me to evaluate a Clark directly by means of the A-cells 
at that time. But the above comparisons, extending over a period 
of more than three and a half years, show undeniably that the B-cells 
have maintained their electromotive force. The only alternative sup- 
position is that the Clarks have lost by precisely the same per cent. 
But this is inadmissible, since the Clarks have been set up at dif- 
ferent times and have not had the same test of aging as the A-cells. 

It will be noticed that the Clarks are eighteen parts in 100,000 
below 1.434 at 15° C. The value 1.01940 for the cadmium cell 
at 20° C. was obtained from 1.434 by dividing by the ratio 

Clark at 15° 
Cadmium at 20° 
sons made at the Reichsanstalt. It now appears that this 4-group 
of cadmium cells have a slightly higher electromotive force than 
those*now,made by accepted methods. If then they are rated too 
low, the Clarks will also be too low. If they had fallen off in elec- 
tromotive force and so were rated too high, the Clarks would also 


= 1.4067 as the mean of several series of compari- 


come out too high. 
Whatever then may be the fact as to a lack of stability in the 


case of cadmium cells made with electrolytically prepared mercurous 
sulphate, these old cells made with precipitated mercurous sulphate 
meet every requirement of permanency. They are fully the equal 
of the Clark cell in this regard, and are decidedly superior when 
considered from the point of view of the permanency of the contain- 
ing glass cell. The Clarks almost invariably crack at the negative 
electrode by the alloying of the platinum wire in contact with the 
zinc amalgam. No such difficulty is encountered with platinum 
and cadmium amalgam. It is very difficult to make and seal glass 
cells with a platinum wire sealed into the glass ‘in so perfect a man- 
ner that kerosene will not make its way into the cell after long im- 
mersion in a kerosene bath. But this difficulty is common to the 
Clark and the Weston. 


UNIVERSITY OF MICHIGAN, 
December, 1907. 








